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ABSTRACT
Cucurbit downy mildew (CDM), caused by Pseudoperonospora cubensis, is a
major constraint on melon (Cucumis melo) production in the eastern United States, but P.
cubensis populations infecting C. melo are not well characterized. Between 2019 and
2021, 248 P. cubensis isolates were collected from cultivars Halona and Hale’s Best
Jumbo in ten states. Isolates were genotyped with nine microsatellites, and mating type
and clade were determined. All isolates displayed an inverse mating type / clade
relationship: 90.3% and 9.7% of the isolates were mating type A1 / Clade 2 and mating
type A2 / Clade 1, respectively. Both types of isolates were recovered from South
Carolina and Maryland, with both types recovered from a single plot in South Carolina.
Genetic differentiation was low among years, states, and cultivars, with moderate
differentiation between mating type / clade combinations. Grafting melon onto cucurbit
rootstocks was evaluated as a management strategy and to determine its effect on P.
cubensis populations. In controlled experiments, grafting ‘Halona’ onto ‘Carnivor’,
‘Carolina Strongback’, and ‘Pelops’ significantly reduced disease severity on the second
true leaf but not on the first true leaf, suggesting a resistance mechanism in later
developmental stages after grafting. However, plants in both grafted and non-grafted
treatments were equally susceptible to CDM in the field. Low genetic differentiation was
observed between P. cubensis populations recovered from plants in grafted and nongrafted treatments. This study demonstrated the presence of one major P. cubensis
genotype infecting melon in the eastern United States, low genetic diversity across the
country, and a negligible influence of grafting on pathogen populations.
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Currently, no C. melo cultivars have significant levels of resistance. Additionally,
little is understood about the genetic basis of resistance in C. melo. Recombinant inbred
lines (RILs; n = 169) generated from a cross between the resistant melon breeding line
MR-1 and susceptible cultivar Ananas Yoqne’am (AY) were phenotyped for CDM
resistance against a P. cubensis isolate identified as Clade 1 / mating type A2 in both
greenhouse and growth chamber studies. A high-density genetic linkage map with 5,663
binned SNPs created from the RIL population was utilized for quantitative trait loci
(QTL) mapping. Nine QTLs, including two major QTLs, were associated with CDM
resistance. Of the major QTLs, qPcub-10.1 was stable across growth chamber and
greenhouse tests whereas qPcub-8.2 was detected only in growth chamber tests. qPcub10.1 co-located with an MLO-like protein coding gene, which has been shown to confer
resistance to powdery mildew and species of Phytophthora in other plants.
The RIL population was also screened with a Clade 2 / mating type A1 isolate of
P. cubensis from the 2004 CDM epidemic in the eastern United States. Five QTL,
including two major QTL, were associated with CDM resistance. qPcub-10.3-10.4 was
identified only in greenhouse tests whereas qPcub-8.3 was consistently identified in both
greenhouse and growth chamber tests. These two major QTL were identified on the same
chromosomes (8 and 10) but in different locations as two major QTL previously
identified for resistance to an isolate of Clade 1 / mating type A2. Kompetitive allele
specific PCR (KASP) markers were developed for these four major QTL (two for each
mating type/Clade) and validated in the RIL population followed through QTL mapping.
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These markers will provide melon breeders a high-throughput genotyping toolkit for
breeding for resistance to P. cubensis.
A nationwide, quantitative synthesis of fungicide efficacy data on management of
cucurbit downy mildew (CDM) caused by P. cubensis is needed to broadly evaluate
fungicide performance. Three-level, three-level meta-regression, and network metaanalyses were conducted on data from 46 cucumber (Cucumis sativus) CDM fungicide
efficacy studies conducted in the eastern United States retrieved from Plant Disease
Management Reports published between 2009 and 2018. Three response variables were
examined in each analysis—disease severity, marketable yield, and total yield—from
which percent disease control and percent yield return compared to non-treated controls
were calculated. Moderator variables used in the three-level meta-analysis or three-level
meta-regression included year, disease pressure, number of fungicide applications, and
cucumber type (slicing or pickling). In the network meta-analysis, fungicides were
grouped by common combinations of Fungicide Resistance Action Committee (FRAC)
Codes and modes of action (MOA). Overall, fungicides significantly (P < 0.001) reduced
disease severity and increased marketable and total yields, resulting in a mean 54.0%
disease control and 61.9% marketable and 73.3% total yield return. Subgroup differences
were observed for number of fungicide applications, control plot disease severity, and
cucumber type for marketable yield. Based on the meta-regression analysis for disease
severity by year, fungicides have been significantly decreasing in efficacy from 2009 to
2018, potentially indicating a broad development of fungicide resistance over time.
Treatments containing quinone inside inhibitors, pyridinylmethyl-benzamides, and
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protectants and treatments containing oxysterol binding protein inhibitors and protectants
most effectively reduced disease severity. The most effective fungicide combinations for
disease management did not always result in the highest yield return.
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CHAPTER ONE

INTRODUCTION
Pseudoperonospora cubensis taxonomy
Pseudoperonospora cubensis (Berk. & M.A. Curtis) Rostovtsev is a
microorganism belonging to the kingdom Chromista, phylum Oomycota, class
Peronosporea, order Peronosporales (Global Biodiversity Information Facility). The
Peronosporales (i.e., downy mildews) has over 600 species, making it the largest order
within Oomycota (water molds) (Thines 2014; Thines and Choi 2016). Formerly thought
to be true fungi, organisms within Oomycota display similarities in structure and growth
habits, but the nuclear state of cells in the vegetative mycelium of Oomycetes is diploid,
as opposed to haploid in true fungi. Oomycete cell walls lack septa (i.e., are aseptate and
coenocytic) in most cases and are composed of β-1,3 and β-1,6 glucans and cellulose, not
chitin as in true fungi. Oomycete mitochondria also have cristae that is tubular as
opposed to flattened.
P. cubensis was first described as Peronospora cubensis in 1868; then, in 1902, it
was placed into the subgenus Peronoplasmopora when Berlese divided Plasmopora into
different subgenera based on sporangiophore branching (Colucci and Holmes 2010).
Shortly after, in 1903, Rostovtsev re-described it as being similar to both Peronospora
and Plasmopora, but as being unique, and gave the species its current name,
Pseudoperonospora cubensis (Colucci and Holmes 2010).
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The genus Pseudoperonospora includes four other species: P. cannabina, P.
celtidis, P. humuli, and P. urticae. P. humuli is the species most closely related to P.
cubensis and diverged from a recent common ancestor (Thomas et al. 2017). Multi-locus
phylogenetic analysis revealed that P. cubensis itself may be two distinct cryptic species
or subspecies (Runge et al. 2011).

Epidemiology, morphology, and symptoms
In the United States, 20-40 × 14-25 μm purplish gray, lemon-shaped sporangia are
transported north by wind currents from overwintering sources below 30° N latitude in
southern Florida and the Gulf of Mexico where cucurbits are grown year-round (Ojiambo
and Holmes 2011, Savory et al. 2011). These sporangia land on and recognize leaf
surfaces. This recognition causes sporangia to differentiate into up to 15 bi-flagellate
zoospores measuring 10-12 μm in length. One flagellum is a whiplash flagellum,
providing movement, whereas the other is the tinsel flagellum, providing steering. These
zoospores then navigate toward stomatal openings on a leaf surface and encyst. A germ
tube is produced from the zoospore that penetrates the stomatal opening. It then
differentiates into hyphae that grow intercellularly within the plant. From the hyphae,
feeding structures called haustoria are produced that penetrate leaf cells and absorb
nutrients.
In Cucumis melo, symptoms of infection manifest as round to irregular-shaped
chlorotic lesions on the adaxial side of the leaf surface, which, over time, coalesce and
become necrotic as leaf tissue is killed. After a latent period of 4 to 12 days, signs of P.
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cubensis can be observed on the abaxial side of the leaf (Cohen 1977). Sporangiophores
emerge in the morning bearing branched clusters of sporangia, which are attached to the
sporangiophores. As relative humidity decreases, these new sporangia dehisce and cause
secondary infections within the cucurbit field by landing on neighboring plants (Granke
et al. 2014). Low temperature and high humidity favor rapid disease development (Cohen
1977).
P. cubensis is an obligate pathogen of Cucurbitaceae and, therefore, cannot be
cultured. It has been reported as a pathogen on over 50 species in 20 genera within the
family, which includes all the major commercially cultivated species—such as cucumber,
cantaloupe, watermelon, and squashes (Farr and Rossman 2021; Palit and Cohen 1980).
To complicate morphological descriptions, sporangia and sporangiophores of P. cubensis
can vary depending on the host from which it was recovered (Runge and Thines 2011).
P. cubensis is heterothallic and can produce hyaline to red-brown, spherical
oospores, ~40um in diameter, when opposite mating types sexually reproduce under high
humidity within leaves (Cohen et al. 2011). These oospores may allow P. cubensis to
survive in soil and plant debris and may serve as primary inoculum for the following
season, although the extent to which this impacts disease development in the eastern
United States is unknown (Ojiambo et al. 2015). Reports of CDM outbreaks not
consistent with the northward seasonal spread of P. cubensis may suggest their
involvement (Ojiambo and Holmes 2011). P. cubensis is also a problem in greenhouse
cucumber production, which could serve as inoculum sources (Naegele et al. 2016). Wild
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cucurbit hosts may also serve as additional inoculum sources (Quesada-Ocampo et al.
2012).
Both A1 and A2 mating types of P. cubensis have been recovered from CDM
symptomatic leaves of C. melo in the United States, which is also one of the cucurbit
species where oospores have been most readily produced on detached leaves in the lab
(Cohen et al. 2011; Thomas et al. 2016). Genetic structure of P. cubensis isolates
recovered from melon were a mixture of the nearly homogenous isolates recovered from
cucumber and non-cucumber hosts (Thomas 2016).

Pathotypes, mating types, clades, and lineages
A single isolate of P. cubensis can exhibit differences in both pathogenicity and
virulence from other isolates, so researchers have attempted to explain that differentiation
in several different ways. Before molecular analyses, P. cubensis isolates were
subdivided into pathotypes based on differential cucurbit host susceptibility. Thomas et
al. (1987) first established five pathotypes with six cucurbit hosts. Later, Cohen et al.
(2003) added a sixth pathotype. Five years after that, Colucci et al. (2008) used 12
cucurbit differentials and found that each of 32 isolates screened had its own pattern of
compatibility. Lebeda et al. (2012) later described roughly 67 pathotypes. In addition to
the ever-growing number of pathotypes, pathotyping is very time consuming, requiring
controlled inoculations of each isolate needing to be performed on every differential.
Runge et al. (2011) was the first to group P. cubensis isolates from around the
world into phylogenetic clades. Whereas Clade 1 isolates were more genetically diverse
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in North America, Clade 2 isolates were more genetically diverse in Eurasia, suggesting
their respective origins. The clade of a P. cubensis isolate was linked to hosts it could
infect, with Clade 1 primarily infecting Cucurbita pepo (squashes and jack-o-lantern
pumpkin), Cucurbita maxima (winter squashes and giant pumpkin), Cucurbita moschata
(butternut squash), and Citrullus lanatus (watermelon), whereas Clade 2 isolates
primarily infect Cucumis sativus (cucumber), Cucumis melo (melon), and Lagenaria
siceraria (bottle gourd) based on isolates collected from North Carolina (Wallace et al.
2020). In the eastern United States, Clade 2 isolates were found earlier in the season than
Clade 1 isolates, suggesting a temporal delay between clade dispersal (Ojiambo and
Holmes 2011; Rahman et al. 2021).
Cohen et al. (2011) demonstrated that P. cubensis was heterothallic, having two
mating types, A1 and A2, by crossing them on detached leaves and observing the
formation of oospores. Like clades, mating type was also linked to which host it could
infect, with A1 primarily infecting Cucurbita pepo, C. moschata, and Citrullus lanatus,
and A2 primarily infecting Cucumis sativus and Cucurbita maxima based on isolates
collected in the eastern United States (Thomas 2016). Comparative genomic analysis of
nine isolates placed P. cubensis into two distinct lineages, I and II (Thomas et al. 2017).
Although the sample size was small, all lineage II isolates were mating type A1, and all
lineage I isolates were mating type A2.

Management strategies
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Cultural management strategies of P. cubensis primarily focus on reducing
moisture on leaf surfaces, inhibiting the infection process of zoospores. CDM severity is
typically more severe in the fall than in the spring due to increased duration of leaf
wetness and inoculum presence; therefore, planting earlier can reduce disease severity
(Neufeld and Ojiambo 2012). Proper plant spacing increases airflow, which dries leaves
and reduces disease severity (Neufeld and Ojiambo 2012). Drip irrigation should also be
used to minimize periods of leaf wetness. In-field eradication of plant debris at the end of
the season usually is not useful because new inoculum migrates in each year from
overwintering sources (Holmes et al. 2015) P. cubensis has been shown to be seedborne
although seed certification programs don’t exist for this organism (Cohen et al. 2014).
Many commercial fungicides are available to manage CDM (D’Arcangelo et al.
2021; Goldenhar and Hausbeck 2019; Kemble et al. 2021). Protectant fungicides are
typically applied earlier in the growing season before P. cubensis inoculum is present,
followed by weekly rotations of products containing different active ingredients after
inoculum arrives (Keinath et al. 2019). In a meta-analysis on fungicide product efficacy
at reducing CDM disease severity, the active ingredients fluopicolide, carbamates, and
quinone inside inhibitors were some of the most effective single active ingredients
(Ojiambo et al. 2010). However, P. cubensis isolates with reduced sensitivity or
resistance to these fungicides, and others, have been reported (D’Arcangelo et al. 2020;
Keinath 2016; Thomas et al. 2018;). If P. cubensis mating types are sexually recombining
in-field, future populations may evolve new fungicide resistances faster than a purely
asexually reproducing pathogen population (McDonald and Linde 2002).

6

In C. melo, all cultivars are susceptible to CDM (Cespedes-Sanchez et al. 2015).
A few C. melo plant introductions (PI), all originating from India, are known to have high
levels of resistance to P. cubensis, most notably PI 124112, PI 124111, and MR-1
(derived from PI 124111) (Olczak-Woltman et al. 2011). Inheritance studies have
described CDM resistance in melon as co-dominant, single dominant, or polygenic,
depending upon the genetic source (Angelov and Krasteva 2000; Kenigsbhuch and
Cohen 1992; Perchepied et al. 2005). MR-1 has been reported to be resistant to the five
original pathotypes of P. cubensis (Pitrat et al. 1996).

Resurgence of cucurbit downy mildew and importance on melon
P. cubensis was first reported in Cuba in 1868 (Clinton 1905) and later in that
century in the United States in New Jersey, Florida, and Texas in 1889 (Galloway 1889;
Halsted 1889a; Halsted 1189b). Resistant cucumber cultivars were developed from the
1940s to the 1960s that remained durable for decades (Barnes 1948; Barnes 1966).
However, melon and other less cultivated cucurbits were still affected by yearly CDM
outbreaks. In 2004, a CDM epidemic occurred throughout the eastern United States, even
on previously resistant cucumber cultivars, causing significant yield losses (Holmes et al.
2006). This led to multi-state research initiatives to not only test new management
strategies but to also study the population biology of P. cubensis (Quesada-Ocampo et al.
2012; Runge et al. 2011; Thomas et al. 2017; Wallace et al. 2020). The presence of Clade
2 P. cubensis isolates was correlated with the 2004 United States CDM epidemic,
migrating first from Asia to Europe, and then to North America (Runge et al. 2011).
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In 2021, 37,100 acres of melon were planted in the United States, down 27,800
acres from 2017 (USDA-NASS 2021). Of the total acreage planted in 2018, 93% was
sprayed with fungicides (USDA-NASS 2019). Downy mildew significantly reduces
melon yields by as much as 82% and lowers sugar content if fungicides are not used
(Keinath et al. 2007). With a new population of P. cubensis now present in the United
States that wasn’t present before 2004 and with both mating types and clades recovered
from melon, production acreage may continue to decline in the eastern United States
without resistant melon cultivars receiving the same level of research as resistant
cucumber cultivars, especially if resistance continues to develop to additional fungicide
active ingredients.
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CHAPTER TWO

POPULATION ANALYSIS OF PSEUDOPERONOSPORA CUBENSIS ON CUCUMIS MELO
IN THE EASTERN UNITED STATES AND THE INFLUENCE OF GRAFTING ON
PATHOGEN POPULATIONS

Abstract
Cucurbit downy mildew (CDM), caused by Pseudoperonospora cubensis, is a major
constraint on melon (Cucumis melo) production in the eastern United States, but P. cubensis
populations infecting C. melo are not well characterized. Between 2019 and 2021, 248 P.
cubensis isolates were collected from cultivars Halona and Hale’s Best Jumbo in ten states.
Isolates were genotyped with nine microsatellites, and mating type and clade were determined.
All isolates displayed an inverse mating type / clade relationship; 90.3% and 9.7% of the isolates
were mating type A1 / Clade 2 and mating type A2 / Clade 1, respectively. Both types of isolates
were recovered from South Carolina and Maryland, with both types also recovered from a single
plot in South Carolina. Genetic differentiation was low among years, states, and cultivars, with
moderate differentiation between mating type / clade combinations. Grafting melon onto cucurbit
rootstocks was evaluated as a management strategy and to determine its effect on P. cubensis
populations. In controlled experiments, grafting ‘Halona’ plants onto ‘Carnivor’, ‘Carolina
Strongback’, and ‘Pelops’ rootstocks significantly reduced disease severity on the second true
leaf but not on the first true leaf, suggesting a resistance mechanism in later developmental
stages after grafting. However, plants in grafted and non-grafted treatments were equally
susceptible to CDM in the field. Low genetic differentiation was observed between P. cubensis
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populations recovered from plants in grafted and non-grafted treatments. This study
demonstrated the presence of one major P. cubensis genotype infecting melon in the eastern
United States, low genetic diversity across the country, and a negligible influence of grafting on
pathogen populations.

Introduction
Pseudoperonospora cubensis (Berk. & M.A. Curtis) Rostovzev is an obligate oomycete
plant pathogen that causes the disease cucurbit downy mildew (CDM) in melon (Cucumis melo),
as well as all in other commercially cultivated and a number of wild cucurbit species (Farr and
Rossman 2021). Severe CDM can reduce melon yields by as much as 82% and lower sugar
content if fungicides are not used (Keinath et al. 2007). On C. melo, symptoms first appear as
round to irregular chlorotic lesions that coalesce and become necrotic as disease progresses.
Disease is caused when windblown, asexual sporangia are deposited on leaf surfaces and then
differentiate and release zoospores. Zoospores move in water films on leaf surfaces, encyst, and
germinate, and then germ tubes penetrate stomatal openings and initiate infection. High humidity
and free water favor infection by providing water films that benefit zoospore motility. In the
eastern United States, P. cubensis overwinters below 30°N latitude and migrates northward each
year as commercial cucurbit crops are planted (Ojiambo and Holmes 2011). P. cubensis is also
heterothallic, having the ability to produce oospores, which are long-term survival structurles
that persist in soil and plant debris (Cohen et al. 2011). However, the contribution of oospores to
local inoculum sources in the eastern United States is not well understood (Kikway et al. 2022).
CDM re-emerged as an important disease in the eastern United States in 2004 when an
epidemic was caused by the introduction of a new P. cubensis population, Clade 2, which is
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more genetically related to isolates from Europe and Asia than from those in North America
(Holmes et al. 2006; Runge et al. 2011). Host resistance, e.g., the dm-1 gene in many cucumber
(Cucumis sativus) cultivars, had provided adequate protection against the native Clade 1
population since the 1960s, so fungicides were not widely used (Berg et al. 2020). The
introduction of Clade 2 isolates has since replaced cucurbit CDM host resistance with intensive
fungicide application programs in commercial agriculture (Holmes et al. 2015). The division of
P. cubensis into two clades, which may be cryptic species, was first noted by Runge et al. (2011).
Whole genome analysis of nine P. cubensis isolates confirmed this separation, placing them into
two distinct lineages (Thomas et al. 2017). In a recent survey conducted in North Carolina,
19.4% of P. cubensis isolates collected from C. melo were Clade 2, whereas 76.1% of isolates
were Clade 1 (Wallace et al. 2020). Whether P. cubensis clade distribution on C. melo differs
throughout the entire eastern United States is not known.
Cohen et al. (2011) first observed that there were two mating types of P. cubensis, A1
and A2, which formed oospores when co-inoculated onto detached leaves. Thomas et al. (2017)
found that post-2004 epidemic isolates of P. cubensis in the eastern United States were mating
type A1 whereas pre-epidemic isolates were A2. In another oomycete plant pathogen,
Phytophthora infestans, the introduction of a new mating type to the United States from Mexico
caused the breakdown of existing host resistance in potato, which led to a resurgence of late
blight (Goodwin 1997). On a survey conducted throughout the eastern United States across six
cucurbit species, isolates of P. cubensis from northern-tier state were 100% mating type A1
whereas isolates of P. cubensis from southern-tier states were a mixture of mating types A1 and
A2 (Thomas 2016). However, information on P. cubensis mating type distribution in C. melo is
lacking, as only four isolates were collected from C. melo several years apart: Three A2 isolates
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were collected in North Carolina, South Carolina, and Florida and one A1 isolate was collected
in New York.
Currently no highly resistant commercial melon cultivars are available to manage CDM
without fungicides (Cespedes-Sanchez et al. 2015). Grafting melon onto different cucurbit
rootstocks is currently an un-tested management solution for CDM. Grafting has been shown to
be an effective disease management strategy in other cucurbits, conferring resistance to soilborne
pathogens (Keinath and Hassell 2014a, 2014b; Rostami et al. 2015; Thies et al. 2012; Toporek
and Keinath 2020). Recently, grafting demonstrated promise as a foliar disease management
strategy, reducing powdery mildew disease severity on watermelon (Citrullus lanatus) grafted
onto powdery mildew-resistant rootstocks (Kousik et al. 2018). Wallace et al. (2020)
demonstrated that several cucurbit genera used as rootstocks, Cucurbita, Lagenaria, and
Citrullus, were predominantly infected by P. cubensis isolates that were Clade 1, 2, and 1,
respectively, potentially indicating a clade-specific resistance mechanism within these hosts. A
similar host preference was also observed with mating types; squash and watermelon were
predominantly infected by isolates that were mating type A2 (Thomas 2016). The relationship of
mating type and clade co-occurrence is not wholly understood, but it is not 1:1 based on the
recovery of all four mating type / clade combinations across multiple cucurbit hosts from a 2019
sentinel plot in Charleston, SC (personal observation). The mechanisms that confer clade or
mating type preference within a cucurbit rootstock species could be transferred to the scion
through grafting.
After the 2004 epidemic, the Cucurbit Downy Mildew Integrated Pest Information
Platform for Extension and Education (CDM ipm-PIPE) reporting program was established,
which is currently a network of researchers from 28 eastern states in the United States and
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Ontario, Canada (Ojiambo et al. 2011; cdm.ipmpipe.org). This network collects reports from
cooperators when CDM appears in their regions, which, combined with meteorological data,
supports an annual monitoring system that alerts cucurbit growers of future pathogen spread.
CDM outbreaks are detected in a large network of sentinel plots, six species of cultivated
cucurbits planted and maintained without applications of fungicides effective against CDM,
which provides a unique opportunity for researchers to conduct cost-efficient, nationwide
sampling of P. cubensis isolates.
The objectives of this study were to 1) conduct a 3-year survey to characterize
populations of P. cubensis from melon in the eastern United States by collecting isolates from
sentinel plots in collaboration with the CDM ipm-PIPE network, determining the mating type
and clade of each isolate, and genotyping these isolates with microsatellites; 2) evaluate whether
grafting susceptible melon plants onto resistant cucurbit rootstocks reduces CDM severity; and
3) determine if grafting influences the mating type, clade, or genotype of P. cubensis isolates
recovered from grafted melon plants in the field.
Materials and Methods
Isolate collection. Samples were collected from 10 states in the eastern United States
between Spring 2019 and Fall 2021 through collaboration with members of the CDM ipm-PIPE
network (cdm.ipmpipe.org). CDM ipm-PIPE state coordinators were contacted when CDM was
first reported on melon in sentinel plots in their states. A standardized protocol was provided to
each coordinator to sample symptomatic melon leaves. Five leaves in 2019 and ten leaves in
2020 and 2021 were removed from different plants within a plot containing ten plants. Sampling
occurred early in disease development so that individual CDM lesions were still discrete. Each
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leaf was placed into a separate plastic bag so that loosened sporangia did not cross contaminate
another leaf. Leaves were shipped overnight to maintain sample integrity.
Once received, leaf lesions were examined under a dissecting microscope to confirm the
presence of sporangia. A single, discrete lesion from each leaf was excised using sterile tweezers
and scalpel. P. cubensis genomic DNA was extracted using a Synergy™ Plant DNA Extraction
Kit (OPS Diagnostics, Lebanon, NJ) following the manufacturer’s instructions. Recovered DNA
was treated as the DNA of an isolate as in Quesda-Ocampo et al. (2012). Isolate DNA was
quantified using a Nanodrop ND 1000 spectrophotometer and NanoDrop 2.4.7c software
(NanoDrop Technologies Inc., Wilmington, DE) and then diluted to 7.5 ng/μL in sterile,
molecular grade water for all downstream applications. Sampled leaves were stored in a -80°C
freezer.
Growth chamber grafting experiments. All growth chamber experiments used a
completely randomized experimental design because of the limited space and the uniform
environmental conditions in the growth chambers. Seeds of citron melon, Citrullus amarus
rootstock cultivar ‘Carolina Strongback’ (USDA-ARS), were sewn into 72-cell trays filled with a
soilless, peat-based container mix (Metro-Mix 830; Sun Gro, Agawam, MA). Two days later,
seeds of the melon cultivar Halona were sewn into 72-cell and 98-cell trays. Two days later,
seeds of the bottle gourd, Lagenaria siceraria cultivar Pelops (Rijkzwaan), were sewn into 72cell trays. One day later, seed of two interspecific hybrid squash (IHS) cultivars, Cucurbita
maxima × C. moschata ‘Carnivor’ (Syngenta) and ‘Cobalt’ (Rijkzwaan), were sewn into 72-cell
trays. IHS cultivars were grown in a growth chamber set at 21°C and 53 to 69% relative
humidity (RH) with a 12-h photoperiod under LED lights. Trays containing ‘Carolina
Strongback’, ‘Pelops’, and ‘Halona’ seeds were placed in a separate growth chamber set to 24°C
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at the same RH and photoperiod. Between 7 and 16 days from when ‘Carolina Strongback’
seeded were sewn, seedlings in 72-cell trays were monitored and their growing points treated
upon emergence with 20 ml of a 6.25% mixture of fatty alcohols (Fair85, Fair Products, Cary,
NC) diluted in deionized water (Daley and Hassell 2014). Fatty alcohols were rinsed off 20 min
later. The day before grafting, scions and treated rootstock seedlings were removed from growth
chambers and allowed to acclimate to the environment in the grafting room. Between 14 to 16
days after ‘Carolina Strongback’ seeds were sewn, ‘Halona’ scions from 98-cell trays were
grafted onto all treated rootstocks, including self-grafting to ‘Halona’, using the one-cotyledon
grafting method (Hassell et al. 2008). Grafted plants were immediately placed into a healing
chamber at 100% RH for one week. The first true leaf of the ‘Halona’ scion was marked with a
black permanent marker with a “1”. When it emerged, the second true leaf was marked with a
“2”. Some ‘Halona’ plants would not be grafted and served as non-grafted controls. Seeds for
these plants were planted in 72-cell trays one week prior to grafting, placed in the healing
chamber at 7 days after planting, and the first and second true leaves were also marked.
Plants were removed from the healing chamber, and the first and second true leaves of 10
plants in each grafting treatment were inoculated with P. cubensis isolate SS-01, previously
identified as mating type A1 / Clade 2. SS-01 inoculum was freshly prepared from frozen leaves
of cucumber, Cucumis sativus cv. Silver Slicer containing SS-01 sporangia, in 1-liter beakers
containing 300 ml of deionized water. The beaker was sealed and vigorously shaken by hand to
dislodge sporangia. The resulting suspension was filtered through two layers of cheesecloth. The
concentration of the suspension was quantified using a hemocytometer to confirm a
concentration of 5 × 104 sporangia/ml or greater. A Paasche H-series airbrush (Paasche Airbrush
Co., Chicago, IL) with a no. 3 spray head and 25 psi pressure was then used to apply the
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suspension to the adaxial side of the leaves of 2-week-old ‘Silver Slicer’ seedlings grown in the
greenhouse. The inoculated ‘Silver Slicer’ seedlings were placed in a humid chamber at 26ºC
with 100% RH for 24 h to induce infection, returned to the greenhouse for an additional 7 days,
and then moved back to the humid chamber for another 24 h to induce sporulation. These freshly
produced sporangia were collected as previously described and diluted to a concentration of 2 ×
104 sporangia/ml; this suspension was applied to the first and second true leaves of the grafted
and non-grafted ‘Halona’ plants. Inoculated plants were placed back into the humid chamber for
24 h and then moved to a growth chamber kept at 25ºC and 65% RH with a 12-h photoperiod
under LED lights. After 7 days the first and second true leaves were removed at the petiole and
leaf interface with scissors, placed on dark blue background, and photographed from above with
a mounted camera. The resulting photographs were uploaded into the image analysis software
program Assess 2.0 (APS Press, St. Paul, MN), and the total percentage diseased leaf area of
each leaf per treatment was quantified. This growth chamber experiment was conducted twice.
Field grafting experiments. Grafted treatments were prepared as described for the
growth chamber study, except that the ‘Halona’ grafted to ‘Cobalt’ treatment was not included,
leaves were not labeled, and, after the healing chamber step, plants were placed into a hoop
house for 7 days to acclimate before transplanting into the field. For plants that would not be
grafted, seeds of ‘Carnivor’, ‘Carolina Strongback’, ‘Halona’, ‘Pelops’, and melon cultivar
Ananas Yoqne’am were sewn into 72-cell trays 7 to 10 days prior to grafting the other
treatments. The experiment had a randomized complete block design with three replications of
five plants per treatment. Raised planting beds were prepared and covered with white-on-black
polyethylene mulch. Rows were spaced 1.83 m apart. Transplanting holes were spaced 0.9 m
apart within plots receiving non-grafted ‘Halona’, grafted ‘Halona’, and non-grafted ‘Carolina
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Strongback’plants whereas holes were spaced 1.2 m apart in plots getting non-grafted ‘Pelops’
and ‘Carnivor’ plants. Plots were spaced 3 m apart from each other. Plants were transplanted at
the Clemson Sandhill Research and Education Center (CSREC) in Richland County, SC, on 06
Aug 2020, at the North Carolina State University Mountain Research Station (NCSU-MRS) in
Haywood County, NC, on 07 Aug 2020, and at the Clemson Costal Research and Education
Center (CREC) in Charleston County, SC, on 10 Aug 2020. The experiment was repeated at
CREC on 07 Sep 2021. At NCSU-MRS, CDM first developed on 20 Aug 2020 and disease
severity ratings (percent foliar disease of the whole plot measured in 10% increments) were
determined on 1, 6, 12, 17 and 27 days after transplanting (DAT). At CREC, CDM first appeared
on 26 Aug 2020 and 09 Sep 2021 and ratings were determined on 1, 5, 10, 15 and 19 DAT, and
1, 5, 9, 15, and 20 DAT, respectively. At CSRS, only final disease ratings were determined on 07
Oct 2020. When CDM symptoms first appeared in plots at CREC in 2020 and 2021, lesions were
excised as previously described from 15 and 10 randomly selected symptomatic leaves on 10 Oct
2020 and 01 Oct 2021, respectively. DNA was extracted, quantified, and diluted to 7.5 ng/μL for
each isolate collected. Leaf samples were stored in a -80°C freezer.
Statistics. Area under the disease progress curve (AUDPC; Shaner and Finney 1977) was
calculated from repeated disease severity data from all field experiments except CSRS, as it only
had a single rating. Growth chamber disease severity data, field disease severity data, and field
AUDPC data were analyzed with a mixed-model least squares analysis (JMP Pro, ver. 16.1.0)
For growth chamber data, grafting treatment and inoculated leaf (1 or 2) were treated as fixed
effects and experiment and replicate as random effects. For field disease data, all field trial data
were combined, and grafting treatment was treated as a fixed effect, and trial, block, and
replicate were treated as random effects.
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Before analysis, to correct for non-normality, growth chamber disease severity data were
transformed by taking the base-10 logarithm of the disease severity plus 1. Data were also
normalized by then dividing the log transformed disease severity of each repetition per treatment
per leaf by the log transformed disease severity mean of the corresponding leaf in the nongrafted ‘Halona’ in each experiment. Ratios of log transformed values are presented as percent
disease control compared to values for plants in the non-grafted ‘Halona’ control.
Isolate genotyping. Isolate DNA was first used in a conventional PCR protocol
developed by Ojiambo et al. (personal communication from P. S. Ojiambo) for mating type
determination, which was simultaneously used to confirm the presence of P. cubensis genomic
DNA in the mixed template sample. Amplification of the mating type gene was confirmed by
running the PCR product on a 1.5% agarose gel and visualized using an LED gel
dock. Amplicons were sequenced by Sanger sequencing in both directions using Big Dye V3.1
chemistry and run on ABI 3730XL instruments (Functional Biosciences, Madison,
WI). Resulting DNA sequence.ab1 files were aligned and trimmed in Geneious R11 (Geneious,
Auckland, NZ). Pairwise alignments of the forward and reverse sequences were made using
‘Geneious Alignment’. Consensus sequence ends were trimmed of any regions with more than a
5% chance of an error per base. Consensus sequences were then queried against internal
reference sequences provided by Dr. P. S. Ojiambo (personal communication) for both mating
types A1 and A2 derived from verified isolates.
Isolate DNA was also used in a qPCR protocol to determine clade as developed and
described by Rahman et al. (2021). An individual sample was added to a separate master mix for
each clade protocol, with HEX fluorescence indicating an isolate was in Clade 1 and FAM
fluorescence indicating an isolate was in Clade 2. Fluorescence was quantified with a Stratagene
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Mx3005P quantitative PCR system (Agilent Technologies, Santa Clara, CA). Samples were
referenced to a non-template control and to Clade 1 and 2 positive control DNA provided by Dr.
L. Quesada-Ocampo.
DNA was also amplified using a subset of nine microsatellite markers (SSRs 1, 29, 34,
57, 79, 85, 88, 97, and 102) developed by Wallace et al. (2017). Each sample first underwent an
initial touch-down PCR to enrich the P. cubensis template followed by PCR to attach the
fluorescent dye to each amplicon. Four dyes were used (FAM, HEX, NED, and VIC) and
samples were pool-plexed with different dyes for products of different sizes. Pool-plexed
samples were combined with HiDi Formamide and Liz600 size standard in preparation for a
3730xl DNA Analyzer (Applied Biosystems, Foster City, CA) and sent to the North Carolina
State University Genomic Science Laboratory for genotyping. Resulting microsatellite data were
evaluated by calling peaks with the Geneious Microsatellite Plug-In (Kearse et al. 2012). Isolates
with with > 20% missing data were discarded from downstream population genetic analyses
(Wallace et al. 2020).
Population genetic analyses. For all populations, only those with seven or more
individuals after clone correction were included for downstream analyses (Quesda-Ocampo et al.
2012). From the eastern United States sentinel plot dataset, populations were created by isolate
recovery year (2019, 2020, or 2021), state (Florida, Kentucky, Louisiana, Massachusetts,
Maryland, Mississippi, North Carolina, New York, Ohio, or South Carolina), melon cultivar
(‘Halona’ or ‘Hale’s Best Jumbo’), and the mating type / clade combination (mating type A1 /
Clade 2, designated A2/1, or mating type A2 / Clade 1, designated A2/1). Since previous
population structure analyses of P. cubensis have determined that there were two clades in the
eastern United States, and since there were not enough Clade 1 isolates in the dataset to perform
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analyses alone, Clade 1 isolates were dropped from a second dataset and analyses were repeated
on Clade 2 isolates only (Quesda-Ocampo et al. 2012). For this second dataset, isolates were
grouped into populations that either came from a state where both mating type / clade
combinations were found or where only the A1/2 combination was found. For the grafting
dataset, created from the 2020 and 2021 isolates recovered from the grafting experiments
conducted at CREC, populations were created for each grafting treatment (‘Halona’ grafted to
‘Carnivor’, ‘Halona’ grafted to ‘Carolina Strongback’, or ‘Halona’ grafted to ‘Pelops’), nongrafted melon (non-grafted ‘Halona’ or ‘Ananas Yoqne’am) and non-grafted cucurbit rootstocks
(‘Carolina Strongback’, or non-grafted ‘Pelops’). Not enough isolates were successfully
recovered and genotyped from non-grafted ‘Carnivor’ to be included in analyses.
The R package Poppr (Kamvar et al. 2014) was used to generate genetic diversity
statistics for each population using the function ‘poppr’. The number of multi-locus genotypes
(MLG), the estimated number of multi-locus genotypes (eMLG) at the smallest sample size
based on rarefaction, Shannon-Wiener index (H), Stoddart and Taylor’s index of MLG diversity
(G), Simpson’s index (Lambda), Nei’s unbiased gene diversity (Hexp), index of association (IA)
and standardized index of association (rbarD) for all populations and corresponding clone
corrected populations were determined. Clone correction is a statistical method that censors data
so that only one individual per MLG is represented in a population to approximate the behavior
of a sexual population (Grünwald & Hoheisel, 2006). IA and rbarD significance testing (P <
0.0001) for both clone-corrected and non-clone corrected data sets was conducted using 999
permutations to determine if populations were considered non-randomly mating and without
evidence of recombination (Agapow and Burt 2001).
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Pairwise population FST value comparisons were conducted on codominant microsatellite
datasets using GenAlEx (Peakall and Smouse 2006). Significance for pairwise FST comparisons
were determined using 999 permutations and a significance level of P = 0.05. FST values were
characterized as signifying low (< 0.10), moderate (0.10 to 0.20), or high (> 0.20) genetic
differentiation as outlined by Hartl and Clark (2006).
Results
P. cubensis genetic diversity. CDM symptomatic melon leaves (n = 364) were received
between 2019 and 2021. In total, 248 isolates from ten states were successfully genotyped using
all molecular methods in 2019 (n = 26), 2020 (n = 79), and 2021 (n = 143) (Table 2.1). P.
cubensis isolates were exclusively either mating type A1 / Clade 2 (n = 224; 90.3%) or mating
type A2 / Clade 1 (n = 24; 9.7%). In 2019, the first mating type A1 / Clade 2 isolate was
collected on 20 Jun and the first mating type A2 / Clade 1 isolate was collected on 20 Aug. In
2020, the first mating type A1 / Clade 2 isolate was collected on 28 Apr and the first mating type
A2 / Clade 1 isolate was collected on 19 Sep. In 2021, the first mating type A1 / Clade 2 isolate
was collected on 24 Jul and the first mating type A2 / Clade 1 isolate was collected on 14 Sep.
Mating type A2 / Clade 1 isolates were recovered in only the southern states of
Louisiana, Maryland, and South Carolina whereas mating type A1 / Clade 2 isolates were
recovered from every state except Louisiana. Both mating type / clade combinations were
recovered in Maryland and South Carolina and from the same plot in the same year in South
Carolina. Oospores have been collected from squash leaves in Maryland and from melon leaves
in South Carolina (Kikway et al. 2022; Jones et al. 2018) Both mating type / clade combinations
were recovered from cultivars Halona and Hale’s Best Jumbo. Isolates (n = 166) recovered from
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‘Halona’ were 7.83% mating type A2 / Clade 1 and 92.17% mating type A1 / Clade 2. Isolates (n
= 82) recovered from ‘Hale’s Best Jumbo’ were 13.4% mating type A2 / Clade 1 and 86.6%
were mating type A1 / Clade 2. Across all 248 isolates, there were 73 MLG, and diversity
analyses showed an H of 3.64 and an Hexp of 0.27 (Table 2.2). After clone correction, IA and
rbarD estimates were non-significant, indicating random mating and evidence of recombination.
When isolates were subdivided into populations of mating type A1 / Clade 2 or mating
type A2 Clade 1, higher eMLG, H, but lower Hexp were observed for mating type A1 / Clade 2
(Table 2.2). After clone correction, mating type A2 / Clade 1 rbarD was significant, indicating
non-random mating and no evidence of recombination. Pairwise population genetic
differentiation analysis showed moderate and significant differentiation between mating type A1
/ Clade 2 and mating type A2 / Clade 1 populations (FST = 0.102; P < 0.001), which was also the
largest difference observed between any two populations in this study (Fig. 2.1).
When mating type A2 / Clade 1 isolates were removed from the dataset, resulting in n =
224 isolates, the total number of MLG decreased to 63, H decreased to 3.45, and Hexp decreased
to 0.27 (Table 2.3). IA and rbarD estimates were still non-significant after clone correction,
indicating random mating and evidence of recombination. Isolates were then subdivided into two
populations: as recovered from regions where mating type A2 / Clade 1 was also recovered,
which included only isolates from the states of South Carolina and Maryland, or where mating
type A2 / Clade 1 was not recovered (Table 2.3). Higher eMLG, H, and Hexp were observed
among isolates that were mating type A1 / Clade 2 in states where mating type A2 / Clade 1
isolates were not recovered than from states where isolates of mating type A2 / Clade 1 were
recovered. IA and rbarD estimates were non-significant after clone correction for both
populations, indicating random mating and evidence of recombination. Pairwise population
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genetic differentiation was low but significant between populations (FST = 0.013; P < 0.001)
(Fig. 2.2).
When isolates were subdivided into populations by year of collection, the highest eMLG
and H were observed for 2020 isolates, but the highest Hexp was observed for 2019 isolates
(Table 2.4). The lowest eMLG and Hexp was observed for 2021 isolates, whereas the lowest H
was observed for 2019 isolates. IA and rbarD estimates were non-significant after clone
correction, indicating random mating and evidence of recombination for isolates recovered in
every year. Pairwise population genetic differentiation analysis showed low but significant
differentiation between 2019 and 2021 (FST = 0.036; P < 0.001) and 2020 and 2021 (FST = 0.012;
P < 0.001) (Fig. 2.3). When mating type A2 / Clade 1 isolates were removed from the dataset, H
and Hexp were relative for each population, but lower, for all years except Hexp for 2021
remained the same (Table 2.5). 2019 now had the highest eMLG and 2021 still had the lowest. IA
and rbarD estimates were still non-significant after clone correction for every year, indicating
random mating and evidence of recombination. Pairwise population genetic differentiation
analysis showed low but significant differentiation again between 2019 and 2021 (FST = 0.030; P
< 0.001) and 2020 and 2021 (FST = 0.014; P < 0.001) (Fig. 2.4).
When isolates were subdivided into populations by melon cultivar, the highest eMLG and
H were observed for isolates recovered from ‘Halona’, but a slightly higher Hexp was observed
for isolates recovered from ‘Hales Best Jumbo’ (Table 2.6). IA and rbarD estimates were nonsignificant after clone correction, indicating random mating and evidence of recombination for
isolates recovered from each cultivar. Pairwise population genetic differentiation analysis
showed very low and non-significant differentiation between both cultivars (FST = 0.004; P =
0.003) (Fig. 2.5). When mating type A2 / Clade 1 isolates were removed from the dataset,
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eMLG, H, and Hexp were relative but lower for each cultivar, except that Hexp for ‘Halona’ was
now slightly higher (Table 2.7). IA and rbarD estimates were still non-significant after clone
correction, indicating random mating and evidence of recombination. Pairwise population
genetic differentiation analysis showed slightly lower and still non-significant differentiation
again between cultivars (FST = 0.003; P = 0.105) (Fig. 2.6).
When isolates were subdivided in populations by state, the highest eMLG and Hexp were
observed in Florida, the highest H in Ohio, the lowest eMLG was observed in SC, and the lowest
H and Hexp were observed in MS (Table 2.8). IA and rbarD estimates were non-significant after
clone correction for every state, indicating random mating and evidence of recombination.
Pairwise population genetic differentiation analysis showed moderate and significant
differentiation between LA and all other states (Fig. 2.7). Low differentiation was observed in all
other pairwise comparisons, with significant differences between 1) NY compared to MD, MS,
and NC, 2) OH compared to MD, MS, and NY, and 3) SC compared to NY and OH. When
mating type A2 / Clade 1 isolates were removed from the dataset, eMLG, H, and Hexp were still
highest in the same states; the lowest eMLG was still observed in SC, the lowest H was still
observed in MS, but the lowest Hexp was now observed in MD (Table 2.9). IA and rbarD
estimates were still not significant after clone correction for every state, indicating random
mating and evidence of recombination, with MD and SC still the only states with positive values.
Pairwise population differentiation analysis now showed low FST values between all state
comparisons (Fig. 2.8). FST for SC was significantly different from MS and NY.
Growth chamber inoculations of grafted melon. There was a significant interaction
between inoculated leaf and grafting treatment (P < 0.001); therefore, results are presented
separately (Table 2.10). ‘Halona’ grafted to ‘Pelops’, ‘Carolina Strongback’, ‘Carnivor’, and
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‘Cobalt’ provided significantly higher percent control than self-grafted ‘Halona’ when analyzing
the second true leaf, providing between 74.4 to 86.1% disease reduction. ‘Halona’ grafted to
‘Pelops’ provided a significantly greater percent disease reduction on the second true leaf than
‘Halona’ grafted to ‘Cobalt’. Percent disease reduction was greater with all treatments on the
second true leaf than on the first true leaf. The first true leaf of ‘Halona’ grafted to ‘Pelops’ and
‘Carolina Strongback’ had lower percent disease reduction, or more severe disease, than selfgrafted ‘Halona’, ‘Halona grafted to ‘Carnivor’, and ‘Halona grafted to ‘Cobalt’ (Table 2.10).
P. cubensis genetic diversity and disease severity of grafted melon and rootstocks in
the field. AUDPC (P = 0.531) and disease severity (P = 0.379) comparisons among ‘Halona’
grafted treatments and non-grafted ‘Halona’ were not significantly different, ranging from 414.7
to 585.7 and 39.4% to 60.5%, respectively (Table 2.11).
Symptomatic cucurbit leaves (165) were collected in 2020 and 2021. In total, 114 isolates
were successfully genotyped using all molecular methods, with 53 isolates recovered in 2020 and
61 isolates recovered in 2021 (Table 2.12). Although vigor ratings were not taken, ‘Halona’
grafted to ‘Carolina Strongback’ and ‘Pelops’ seemed incompatible at later stages of growth,
often leading to plant stunting and sometimes death. However, ‘Halona’ grafted to ‘Carnivor’
was a consistently compatible grafting combination.
Additional P. cubensis isolate mating type / clade combinations were recovered in the
grafting experiment than in the national survey, with 7.0% (n = 8) of isolates being mating type
A1 / Clade 1, 76.3% (n = 87) isolates being mating type A1 / 2, 5.3% (n = 6) of isolates being
mating type 2 / Clade 1, 0.8% (n = 1) of isolates being mating type A2 / Clade 2, and 2.6% (n =
3) of isolates being mating type A1 with ambiguous clade position (Table 2.12). Mating type A1
/ Clade 2 isolates were recovered from grafted melon, non-grafted melon, and ‘Pelops’. Mating
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type A2 / Clade 1 isolates were recovered from ‘Carnivor’, ‘Carolina Strongback’, and ‘Ananas
Yoqne’am’. Mating type A1 / Clade 1 isolates were recovered from the positive control cultivar
AY. The mating type A2 / Clade 2 isolate was recovered from ‘Halona’ grafted to ‘Carolina
Strongback’, and the mating type A1 isolates with ambiguous clade determination were
recovered from ‘Halona’ grafted to ‘Carnivor’ and ‘Halona’ grafted to ‘Pelops’. Across all 114
isolates there were 55 MLG and a diversity analysis showed an H of 3.47 and an Hexp of 0.30
(Table 2.13). After clone correction, IA and rbarD estimates were significant, indicating nonrandom mating and no evidence of recombination in the population as a whole.
When isolates were subdivided into populations by treatment, the highest eMLG and H
were observed for isolates recovered from ‘Halona’ grafted to ‘Carolina Strongback’ (Table
2.12). Isolates recovered from ‘AY’ had the highest Hexp. The lowest eMLG, H, and Hexp were
observed for isolates recovered from ‘Carolina Strongback’. There were not enough individuals
(n < 7) to calculate population statistics for isolates from non-grafted ‘Carnivor’ plants. IA and
rbarD estimates were non-significant after clone correction for every treatment, indicating
random mating and evidence of recombination, except that IA and rbarD were significant for
isolates recovered from ‘Pelops’, indicating the opposite. Pairwise population genetic
differentiation analysis showed very high and significant differentiation between isolates
recovered from ‘Carolina Strongback’ and all other treatments (P < 0.001) (Fig. 2.9). Moderate
and significant differences were observed between isolates recovered from ‘Pelops’ and all other
treatments except ‘Carolina Strongback’. Low genetic differentiation was observed between all
melon treatments, and all were non-significant except for isolates recovered from ‘Halona’
grafted to ‘Carnivor’ compared to isolates recovered from ‘Halona’ grafted to ‘Carolina
Strongback’ (FST = 0.058; P < 0.001).
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Discussion
This study details the largest collection of P. cubensis isolates recovered from melon in
the United States and the world and is the first to determine both clade and mating type of each
isolate. Utilizing pre-established CDM ipmPIPE sentinel plots, which consistently are planted
each year in the same locations by a network of researchers, made it possible to collect samples
from 10 states in the eastern United States. CDM is a devastating disease to melon production if
left unmanaged and most growers will apply fungicides either preventatively or as soon as
symptoms appear, making CDM ipmPIPE sentinel plot sampling one of the few ways to obtain
P. cubensis isolates from leaves not treated with fungicides.
Nearly all P. cubensis isolates recovered from melon in this study possessed a 1:1 inverse
relationship of mating type / clade combination, consistent with the predictions made by Lebeda
et al. (2014). Overall, melon P. cubensis population genetic differentiation was low between
populations grouped by year, cultivar, and state. Moderate differences were observed only
between populations of mating type A1 / Clade 2 and mating type A2 / Clade 1. Although
moderate differences were observed between all sampled states when compared with Louisiana,
these differences also were a function of mating type / clade combination since 100% of
recovered isolates were mating type A2 / Clade 1. Although genetic differentiation among years
was low, 2021 isolates were significantly different from those in 2020 and more different than
isolates collected in 2019. It appears that P. cubensis populations are in flux, and subtle changes
occurring over time lead to differences that are maintained in the population, including only a
population of mating type A1 / Clade 2 isolates.
Clade 2 isolate recovery has been documented as more common during the spring and
summer in the eastern United States whereas Clade 1 isolate recovery is more common in the fall
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(Rahman et al. 2021; Wallace et al. 2020). This difference in clade recovery also was observed in
this study in each year of sampling when mating type A2 / Clade 1 isolates were recovered 2 to 5
months later than mating type A1 / Clade 2 isolates. Clade 2 isolates may have tolerance to lower
temperatures, but clade prevalence may also be shaped by differences in clade-specific fungicide
sensitivities; for example, Clade 1 isolates are more sensitive to CAA and QoI fungicides than
Clade 2 isolates (D’Arcangelo 2021). Although CAA and QoI fungicides are not widely used for
CDM management anymore, they are still used to manage other cucurbit foliar pathogens
(Keinath 2018; Keinath et al. 2019). Clade 2 isolate prevalence would also be expected to be
higher given that previous resistant cucurbit cultivars were bred for resistance against Clade 1
inoculum.
Clade 2 isolates were previously found to exhibit non-random mating with no evidence of
recombination, but Clade 1 isolates were found to exhibit random mating with evidence of
recombination (Wallace et al. 2020). However, the opposite was found in this study, where only
the clone corrected rbarD for mating type A2 / Clade 1 isolates was significant, indicating nonrandom mating with no evidence of recombination. A more recent study also found similar
randomly mating and recombining populations comprised of Clade 2 isolates collected from
cucumber cultivars subjected to different fungicide treatments (D’Arcangelo 2021). In this study
and studies by Wallace et al. (2020) and D’Arcangelo (2021), there are examples of populations
of both clades exhibiting random mating, which would indicate a sexually reproducing
population and/or heterothallism. As Wallace et al. (2020) cautioned, it has yet to be confirmed
that oospores produced by crossing mating type A1 and mating type A2 are genetically
recombinant and not self-fertile clones. More MLGs and eMLGs and higher Shannon-Wiener
index values, Stoddart and Taylor’s index values, and Simpson’s index values were observed for
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mating type A1 / Clade 2 isolates, but higher Nei’s unbiased gene diversity value was observed
for mating type A2 / Clade 1 isolates (Wallace et al. 2020). These values are consistent with this
study, except that more MLGs were recovered from Clade 1 isolates than Clade 2 isolates, but
far more Clade 1 isolates were recovered in that study than this study.
P. cubensis isolates of both mating type A1 / Clade 2 and mating type A2 / Clade 1 were
recovered from the same melon cultivar in South Carolina in 2021, which is the first documented
example of this cohabitation in the field in the United States. The simultaneous co-existence of
Clade 1 and 2 isolates from a single melon plot was recently reported in Korea although neither
isolate mating type nor the presence of oospores was reported (Lee et al. 2021). The co-existence
of P. cubensis mating types, the typical inverse association of mating types and clades, and
demonstrating random mating and evidence of recombination in nearly all populations indicate
clear opportunities for sexual recombination. Furthermore, Thomas (2016) demonstrated that the
highest oospore density (1004 oospores / cm2) was produced between two P. cubensis isolates of
opposite mating types on a detached melon leaf, which was nearly double the amount produced
on a detached cucumber leaf (562 oospores / cm2). Though in a follow-up study, similar densities
of oospores were found in melon and cucumber leaves in North and South Carolina (Kikway et
al. 2022). Since evidence of random mating and recombination were found in every state, this
may be evidence for local inoculum sources from overwintering melon-derived P. cubensis
oospores throughout the eastern United States. However, epidemiological studies strongly
suggest that the main source of inoculum is overwintering sources in the southern United States
(Ojiambo et al. 2015).
The influence of cucurbit hosts, and even cultivars within host species, on the population
structure of P. cubensis has been documented (D’Arcangelo 2021; Wallace et al. 2020). In this
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study, both mating type and clade combinations were recovered from the melon cultivars
‘Halona’ and ‘Hale’s Best Jumbo’. Genetic differentiation between cultivars also was very low,
with and without mating type A1 / Clade 2 isolates included, indicating negligible influence of
these two cultivars on P. cubensis populations. This result makes sense considering both
cultivars are susceptible to CDM. However, in the 2020 South Carolina grafted field trial, eight
isolates of mating type A1 / Clade 1, a unique combination, and two isolates of mating type A2 /
Clade 1 were recovered from the cultivar Ananas Yoqne’am while only mating type A1 / Clade 2
isolates were recovered from co-planted ‘Halona’. Additionally, an isolate of mating type A2 /
Clade 2 was recovered from a ‘Halona’ grafted to ‘Carolina Strongback’ plant. Further lateseason sampling of southern state sentinel plots may reveal higher genetic diversity and more
diverse combinations of mating type and clade.
No significant differences were observed in disease severity in grafted vs. non-grafted
melon treatments in the field; therefore, grafting does not appear to be a useful strategy to reduce
CDM disease severity. However, other cucurbits, such as cucumber and watermelon, have more
compatible rootstock options and may be worth evaluating in the future. The significant and
highly and moderately different populations recovered from the non-grafted rootstocks ‘Carolina
Strongback’ and ‘Pelops’, respectively, are expected based on previously described pairwise
population genetic differentiation between cucurbit hosts (Wallace et al. 2020). These rootstocks
were co-planted with ‘Halona’ grafted onto each rootstock, and the non-significant and low
differentiation between those grafted treatments to non-grafted ‘Halona’ indicates that the
mechanisms of different cucurbit genera to select for P. cubensis mating types / clades does not
appear to be translocated into grafted melon scions.
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Interestingly, some mechanism does appear to be active in younger plants when
inoculated with a single P. cubensis isolate. The first true leaf of a grafted plant is produced
before the grafting process, whereas the second true leaf of the grafted plant is produced after
formation of the newly grafted plant, which may explain the differences in disease severity
between the two inoculated leaves. While self-grafting appears to provide some defense
response, there also appears to be an added benefit of grafting, evaluated at an early stage, to any
of the four rootstocks, which could be due to some compound or mechanism that becomes
ineffective or diluted at later growth stages in the field. In watermelon grafted to powdery
mildew-resistant bottle gourd, resistance was attributed to increased amounts of choline,
fumarate, 5-hydroxyindole-3-acetate, and melatonin in the scion (Mahmud et al. 2015).
Exogenously applied melatonin has been shown to reduce CDM disease severity in cucumber
(Sun et al. 2019). This compound or mechanism could be useful to study for insight into future
CDM management.
Recently new sources of CDM resistance were identified in C. melo by screening a melon
recombinant inbred line against one isolate of each of the two major genotypes identified in this
study (Toporek et al. 2021; Toporek et al. unpublished). Screening germplasm against
pathotypes, whose delineation can become blurred with additional cucurbit differentials, or
against isolates in different mating type / clade combinations, to which exceptions exist, may just
be place holders until host plant interactions in this pathosystem are better understood (Lebeda et
al. 2016). Recently, suites of differing, shared, and differentially expressed effectors were
reported between Clade 1 and Clade 2 isolates (Purayannur et al. 2020). Isolate-dependent
inheritance has also been documented in cucumber, a closely related pathosystem, further
complicating breeding efforts (Chen et al. 2020; Katz et al. 2017). Strategies that incorporate
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fungicide rotations and new host resistances will continue to be essential in managing CDM in
melon, especially if new sexually recombinant isolates between P. cubensis clades are identified.
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Table 2.1. Number of Pseudoperonospora cubensis isolates recovered from each state, year, mating type / clade
combination, and host.
State

2019

2020

1x

A2 /
A1 / 2
A2 / 1
y
z
HAL HBJ HAL HBJ
HAL
HBJ
FL
5
KY
LA
10
MA
MD
3
MS
NC
5
5
NY
3
OH
SC
5
4
Total
3
5
13
5
10
4
x Mating type (A1 or A2) / Clade (1 or 2).
y Cultivar Halona (HAL).
z Cultivar Hale’s Best Jumbo (HBJ).

2021
A1 / 2
A2 / 1
HAL
HBJ HAL HBJ
5
9
10
6
10
17
6
2
2
63
2
0
2
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A1 / 2
HAL
HBJ
7
7
3
10
10
9
9
9
13
15
12
20
17
77
64

Total
10
7
10
19
23
10
34
35
44
56
248

Table 2.2. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from the full survey data set grouped
by mating type and clade combinations.
Mating type / Clade Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IAy
rbarDz
IA (cc)y
A2 / 1
24 10
10
2.12 7.2
0.86
0.38
0.913 * 0.168 *
0.394
A1 / 2
224 63
16
3.45 17.8
0.94
0.24
0.071 * 0.011 *
-0.228
Total
248 73
16.9
3.64 21.3
0.95
0.27
0.185 * 0.028 *
-0.190
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected (cc) data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected (cc) data (Brown et al. 1980); an asterisk indicates
statistical significance (P ≤ 0.001) compared with 999 re-samplings.
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rbarD (cc)z
0.069
*
-0.035
-0.029

Table 2.3. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from a reduced survey data set where
only mating type A1 / Clade 2 isolates were included grouped by isolates from states where only mating type A1 / Clade 2 isolates were recovered
and by isolates from states where both A1 / 2 and A2 / 1 were recovered.
State recovery
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
rbarD (cc)z
A1 / 2 only
159 55
32.4
3.51 22.51 0.96
0.26
0.012
0.002
-0.266
-0.046
A1 / 2 and A2 / 1
65 18
18
2.43 7.75
0.87
0.18
0.176 * 0.027 *
0.037
0.005
Total
224 63
30.6
3.45 17.84 0.94
0.24
0.071 * 0.011
-0.192
-0.030
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical significance (P ≤ 0.001)
compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
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Table 2.4. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from the full survey data set
grouped by year of collection.
Year
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
rbarD (cc)z
2019
26 17
17
2.66 11.66 0.91
0.35
0.549
* 0.083
*
0.059
0.009
2020
79 39
19
3.41 23.2
0.96
0.29
0.062
0.010
-0.154
-0.024
2021
143 36
13.9
2.87 9.99
0.90
0.23
0.222
* 0.045
*
-0.158
-0.032
Total
248 73
17.9
3.64 21.27 0.95
0.27
0.185
* 0.028
*
-0.123
-0.019
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates
statistical significance (P ≤ 0.001) compared with 999 re-samplings.
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Table 2.5. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from a reduced survey data
set where only mating type A1 / Clade 2 isolates were included grouped by year of collection.
Year
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
rbarD (cc)z
2019
18 14
14
2.55 11.57 0.91
0.25
-0.015
-0.002
-0.126
-0.022
2020
65 33
13.8
3.23 18.95 0.95
0.26
-0.095
-0.015
-0.199
-0.031
2021
141 35
10.8
2.84 9.73
0.90
0.23
0.267
* 0.054
*
-0.108
-0.022
Total
224 63
12.9
3.45 17.84 0.94
0.24
0.071
* 0.011
*
-0.166
-0.026
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates
statistical significance (P ≤ 0.001) compared with 999 re-samplings.
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Table 2.6. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from the full survey data set
grouped by melon cultivar they were recovered from.
Culivar
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
rbarD (cc)z
Hale’s Best Jumbo 82 28
28
2.94 13.5 0.93
0.28
0.614
* 0.093
*
0.089
0.013
Halona
166 62
40.7
3.64 23.4 0.96
0.26
-0.078
-0.013
-0.285
-0.045
Total
248 73
38.6
3.64 21.3 0.95
0.27
0.185
* 0.028
*
-0.127
-0.019
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical significance
(P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
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Table 2.7. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from a reduced survey data
set where only mating type A1 / Clade 2 isolates were included grouped by melon cultivar they were recovered from.
Cultivar
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
Hale’s Best Jumbo 71 24
24
2.75 11
0.91
0.23
0.303
* 0.045
*
-0.048
Halona
153 56
35.3
3.51 20.6 0.95
0.25
-0.036
-0.006
-0.256
Total
224 63
32.2
3.45 17.8 0.94
0.24
0.071
* 0.011
*
-0.161
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates
statistical significance (P ≤ 0.001) compared with 999 re-samplings.
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rbarD (cc)z
-0.007
-0.045
-0.025

Table 2.8. Pairwise population matrix of Fst Values of Pseudoperonospora cubensis isolates from a reduced survey data set where only
mating type A1 / Clade 2 isolates were included grouped by state they were recovered from
State
SC
FL
NC
MD
NY
MA
OH
MS
Total

Nr
MLGs eMLGt
56
16
6.36
10
9
9
34
16
7.2
23
12
7.54
35
16
6.71
19
13
8.28
44
25
8.46
10
7
7
248
73
8.45

Hu
Gv Lambdaw Hexpx
2.3 6.94
0.86
0.26
2.16 8.33
0.88
0.31
2.46 8.38
0.88
0.26
2.37 9.62
0.90
0.21
2.35 7.52
0.87
0.27
2.48 10.94
0.91
0.24
3.01 16.13
0.94
0.28
1.83 5.56
0.82
0.18
3.64 21.27
0.95
0.27

r

IA y
1.048
0.119
0.198
0.497
0.245
0.008
0.147
0.037
0.185

*
*
*
*
*
*

rbarDz
0.177
0.020
0.035
0.092
0.052
0.002
0.026
0.009
0.028

*
*
*
*
*
*

IA (cc)y
0.198
-0.013
-0.150
0.312
-0.132
-0.110
-0.109
-0.164
-0.055

rbarD (cc)z
0.032
-0.002
-0.026
0.058
-0.028
-0.020
-0.020
-0.041
-0.008

Number of individuals.
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
s
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Table 2.9. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates from a reduced survey data
set where only mating type A1 / Clade 2 isolates were included grouped by state they were recovered from.
State
Nr
MLGs eMLGt
Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
rbarD (cc)z
FL
10
9
9
2.16
8.33
0.88
0.31
0.119
0.020
-0.013
-0.002
MA
19
13
8.28
2.48 10.94
0.91
0.24
0.008
0.002
-0.110
-0.020
MD
20
10
7.04
2.18
8.00
0.88
0.16
0.331 * 0.086 *
0.146
0.037
MS
10
7
7
1.83
5.56
0.82
0.18
0.037
0.009
-0.164
-0.041
NC
34
16
7.2
2.46
8.38
0.88
0.26
0.198
0.035
-0.150
-0.026
NY
35
16
6.71
2.35
7.52
0.87
0.27
0.245
0.052
-0.132
-0.028
OH
44
25
8.46
3.01 16.13
0.94
0.28
0.147
0.026
-0.109
-0.020
SC
45
12
5.42
1.94
4.90
0.80
0.19
0.325
0.052
0.039
0.006
Total
224
63
8.18
3.45 17.84
0.94
0.24
0.071
0.011
-0.099
-0.015
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical significance
(P ≤ 0.001) compared with 999 re-samplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980); an asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 re-samplings.
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Table 2.10. Percent cucurbit downy mildew foliar disease
reduction for the first and second true leaves of ‘Halona’ grafted
treatments compared to non-grafted ‘Halona’
Rootstock
Leaf % Disease reductionz
Carolina Strongback
1
-24.94 a
Pelops
1
-17.61 a
Halona (self-grafted)
1
-3.30 b
Carnivor
1
5.21 b
Cobalt
1
5.44 b
Halona (self-grafted)
2
30.92 c
Cobalt
2
74.50 d
Carnivor
2
79.51 de
Carolina Strongback
2
83.61 de
Pelops
2
86.09 e
P value for treatment x leaf
0.0008
z
Means with the same letters are not significantly different
based on Student’s t tests, P = 0.05.
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Table 2.11. Area under the disease progress curve (AUDPC) and disease
severity values for ‘Halona’ grafted treatments and non-grafted ‘Halona’ with
cucurbit downy mildew from the field in South Carolina in 2020 and 2021.
Treatment
Rootstock cultivar
AUDPC Disease severityz
Grafted
Carnivor
585.7 a
60.5 a
Nongrafted
None
552.4 a
57.5 a
Grafted
Pelops
512.7 a
52.7 a
Grafted
Carolina Strongback 414.7 a
39.4 a
P value for treatment
0.5311
0.3791
z
Means within a column with the same letters are not significantly different
based on Student’s T tests. P = 0.05.
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Table 2.12. Number of Pseudoperonospora cubensis isolates recovered from each cucurbit host or grafting treatment, year, and mating type
/ clade combination.
2020
A1 / 1y A1 / 2 A2 / 1 A2 / 2 A1 / M
A1 / 1 A1 / 2
Ananas Yoqne’am
8
2
10
Carnivor
3
Carolina Strongback
Halona
13
10
Pelops
1
8
z
Halona + Carnivor
10
1
7
Halona + Carolina Strongback
2
6
Halona + Pelops
11
2
9
Total
8
37
5
0
3
0
50
y
Mating type (A1 or A2) / Clade (1 or 2). M indicates that Clade 1 and 2 were indistinguishable.
z
Halona + X indicates a grafting treatment.
Cultivar / Treatment
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2021
A2 / 1
10
10

A2 / 2
1
1

A1 / M
0

Total
20
3
10
23
9
18
9
22
114

Table 2.13. Genetic diversity and index of association estimates for Pseudoperonospora cubensis isolates grouped by different cucurbit hosts and
grafting treatments.
Cultivar / treatment
Nr MLGs eMLGt Hu
Gv
Lambdaw Hexpx IA y
rbarDz
IA (cc)y
Ananas Yoqne’am
20 13
7
2.16 5.26
0.81
0.33
0.723
* 0.106
*
0.063
Carolina Strongback
10 6
6
1.61 4.17
0.76
0.21
0.496
* 0.166
*
0.085
Halona
23 11
6.86
2.2
7.67
0.87
0.22
0.238
* 0.049
*
-0.096
Halona + Carnivor
18 7
5.19
1.69 4.63
0.78
0.26
0.220
0.039
-0.343
Halona + Carolina Strongback 12 11
9.32
2.37 10.29 0.90
0.25
-0.098
-0.015
-0.141
Halona + Pelops
22 14
7.42
2.35 7.12
0.86
0.26
0.409
* 0.070
*
-0.105
Pelops
9
9
9
2.2
9
0.89
0.30
1.798
* 0.336
*
1.798 *
Total
117 55
8.35
3.47 18.33 0.95
0.30
0.488
* 0.066
*
0.297 *
r
Number of individuals.
s
Multi-locus genotypes.
t
Estimated number of multi-locus genotypes at the smallest sample size based on rarefaction.
u
Shannon-Wiener index of MLG diversity (Shannon 2001).
v
Stoddart and Taylor’s index of MLG diversity (Stoddart and Taylor 1988).
w
Simpson’s index (Simpson 1949), corrected for population size.
x
Nei’s unbiased gene diversity (Nei 1978).
y
Index of association for all individuals and for clone-corrected data (Brown et al. 1980). An asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 resamplings.
z
Standardized index of association for all individuals and for clone-corrected data (Brown et al. 1980). An asterisk indicates statistical
significance (P ≤ 0.001) compared with 999 resamplings.

54

rbarD (cc)z
0.009
0.028
-0.019
-0.057
-0.022
-0.018
0.336 *
0.040 *

MT / Clade
A2 / 1
A1 / 2

n
24
224

A2 / 1

A1 / 2

0.102

Figure 2.1. Pairwise population matrix of FST values of Pseudoperonospora
cubensis isolates from the complete survey data set grouped by mating type
and clade combinations. FST values shown below the diagonal. Significance
of pairwise FST probabilities are based on 999 permutations and
comparisons where P < 0.001 are marked with an asterisk. Cells are shaded
by degree of differentiation, where black cells represent high population
differentiation (> 0.20), dark gray cells represent medium population
differentiation (0.10 – 0.20), and light gray cells represent low population
differentiation (< 0.10).
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State recovery

n

A1 / 2 only

A1 / 2 only
A1 / 2 and A2 / 1

65
159

0.013*

A1 / 2 and
A2 / 1

Figure 2.2. Pairwise population matrix of FST values of Pseudoperonospora
cubensis isolates from a reduced survey data set where only mating type A1
/ Clade 2 isolates were included grouped by isolates from states where only
mating type A1 / Clade 2 isolates were recovered and by isolates from
states where both A1 / 2 and A2 / 1 combinations were recovered. FST
values shown below the diagonal. Significance of pairwise FST probabilities
are based on 999 permutations and comparisons where P < 0.001 are
marked with an asterisk. Cells are shaded by degree of differentiation,
where black cells represent high population differentiation (> 0.20), dark
gray cells represent medium population differentiation (0.10 – 0.20), and
light gray cells represent low population differentiation (< 0.10).
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Year
2019
2020
2021

n
2019
2020
26
79 0.016
143 0.036* 0.012*

2021

Figure 2.3. Pairwise population matrix of FST Values of
Pseudoperonospora cubensis isolates from the full survey data set grouped
by year of collection. FST values shown below the diagonal. Significance of
pairwise FST probabilities are based on 999 permutations and comparisons
where P < 0.001 are marked with an asterisk. Cells are shaded by degree of
differentiation, where black cells represent high population differentiation
(>0.20), dark gray cells represent medium population differentiation (0.10
– 0.20), and light gray cells represent indicate low population
differentiation (< 0.10).
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Year
2019
2020
2021

n
18
65
141

2019

2020

2021

0.012
0.030* 0.014*

Figure 2.4. Pairwise population matrix of FST Values of
Pseudoperonospora cubensis isolates from a reduced survey data set where
only mating type A1 / Clade 2 isolates were included grouped by year of
collection. FST values shown below the diagonal. Significance of pairwise
FST probabilities are based on 999 permutations and comparisons where P <
0.001 are marked with an asterisk. Cells are shaded by degree of
differentiation, where black cells represent high population differentiation
(>0.20), dark gray cells represent medium population differentiation (0.10
– 0.20), and light gray cells represent indicate low population
differentiation (< 0.10).
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Cultivar
Halona
HBJ

n Halona
166
82
0.004

HBJ

Figure 2.5. Pairwise population matrix of FST Values of
Pseudoperonospora cubensis isolates from the full survey data set grouped
by melon cultivarthey were recovered from. FST values shown below the
diagonal. Significance of pairwise FST probabilities are based on 999
permutations and comparisons where P < 0.001 are marked with an
asterisk. Cells are shaded by degree of differentiation, where black cells
represent high population differentiation (>0.20), dark gray cells represent
medium population differentiation (0.10 – 0.20), and light gray cells
represent indicate low population differentiation (< 0.10). ‘Hales Best
Jumbo’ (HBJ).
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Cultivar
Halona
HBJ

n
153
71

Halona

HBJ

0.003

Figure 2.6. Pairwise population matrix of FST Values of
Pseudoperonospora cubensis isolates from a reduced survey data set where
only mating type A1 / Clade 2 isolates were included grouped by melon
cultivar they were recovered from. FST values shown below the diagonal.
Significance of pairwise FST probabilities are based on 999 permutations
and comparisons where P < 0.001 are marked with an asterisk. Cells are
shaded by degree of differentiation, where black cells represent high
population differentiation (>0.20), dark gray cells represent medium
population differentiation (0.10 – 0.20), and light gray cells represent
indicate low population differentiation (< 0.10). ‘Hales Best Jumbo’ (HBJ).
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State
FL
LA
MA
MD
MS
NC
NY
OH
SC

n
10
10
19
23
10
34
35
44
56

FL

LA

MA

0.116*
0.018
0.027
0.032
0.018
0.012
0.017
0.027

0.125*
0.146*
0.185*
0.141*
0.109*
0.129*
0.121*

0.024
0.025
0.019
0.011
0.018
0.020

MD

MS

NC

NY

OH

0.022
0.025 0.046
0.030* 0.044* 0.020*
0.032* 0.051* 0.006 0.021*
0.024 0.046 0.011 0.024* 0.022*

Figure 2.7. Pairwise population matrix of FST Values of
Pseudoperonospora cubensis isolates from the full survey data set grouped
by state. FST values are shown below the diagonal. Significance of pairwise
FST probabilities are based on 999 permutations and comparisons where P <
0.001 are marked with an asterisk. Cells are shaded by degree of
differentiation: where black cells represent high population differentiation
(>0.20), dark gray cells represent medium population differentiation (0.10
– 0.20), and light gray cells represent indicate low population
differentiation (< 0.10).
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SC

State
FL
MA
MD
MS
NC
NY
OH
SC

n
10
19
20
10
34
35
44
45

FL

MA

MD

MS

NC

NY

OH

0.026
0.027
0.030
0.016
0.012
0.013
0.028

0.023
0.042
0.012
0.008
0.016
0.008

0.014
0.015
0.019
0.017
0.019

0.036
0.034
0.037
0.047*

0.013
0.003
0.005

0.013
0.015*

0.011

SC

Figure 2.8. Pairwise population matrix of Fst Values of
Pseudoperonospora cubensis isolates from a reduced survey data set where
only mating type A1 / Clade 2 isolates were included grouped by state they
were recovered from. Fst values shown below the diagonal. Significance of
pairwise Fst probabilities are based on 999 permutations and comparisons
where P < 0.001 are marked with an asterisk. Cells are shaded by degree of
differentiation, where black cells represent high population differentiation
(>0.20), dark gray cells represent medium population differentiation (0.10
– 0.20), and light gray cells represent indicate low population
differentiation (< 0.10).
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Cultivar /
Treatment
AY
CSB
Halona
H+Car
H+CSB
H+Pel
Pelops

n

AY

CSB

20
10 0.220*
23 0.017 0.274*
18 0.012 0.272*
12 0.034 0.232*
22 0.016 0.232*
9 0.134* 0.245*

Halona H+Car H+CSB H+Pel Pelops

0.012
0.030
0.009
0.166*

0.058*
0.010
0.157*

0.046
0.171*

0.154*

Figure 2.9. Pairwise population matrix of Fst Values of Pseudoperonospora
cubensis isolates grouped by different cucurbit hosts and grafting treatments. Fst
values shown below the diagonal. Significance of pairwise Fst probabilities are
based on 999 permutations and comparisons where P < 0.001 are marked with an
asterisk. Cells are shaded by degree of differentiation, where black cells represent
high population differentiation (>0.20), dark gray cells represent medium population
differentiation (0.10 – 0.20), and light gray cells represent indicate low population
differentiation (< 0.10). ‘Ananas Yoqne’am (AY), ‘Carolina Strongback’ (CSB),
‘Halona’ grafted to ‘Carnivor’ (H+Car), ‘Halona’ grafted to ‘Carolina Strongback’
(H+CSB), ‘Halona’ grafted to ‘Pelops’ (H+Pel).
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CHAPTER THREE
QTL MAPPING OF RESISTANCE TO PSEUDOPERONOSPORA CUBENSIS CLADE 1,
MATING TYPE A2, IN CUCUMIS MELO
Abstract
Pseudoperonospora cubensis, causal organism of cucurbit downy mildew (CDM), is one
of the largest threats to cucurbit production in the eastern United States. Currently, no Cucumis
melo (melon) cultivars have significant levels of resistance. Additionally, little is understood
about the genetic basis of resistance in C. melo. Recombinant inbred lines (RILs; N=169)
generated from a cross between the resistant melon breeding line MR-1 and susceptible
cultivar Ananas Yoqne’am (AY) were phenotyped for CDM resistance in both greenhouse and
growth chamber studies. A high-density genetic linkage map with 5,663 binned SNPs created
from the RIL population was utilized for QTL mapping. Nine QTLs, including two major QTLs,
were associated with CDM resistance. Of the major QTLs, qPcub-10.1 was stable across growth
chamber and greenhouse tests, whereas qPcub-8.2 was detected only in growth chamber tests.
qPcub-10.1 co-located with an MLO-like protein coding gene, which has been shown to confer
resistance to powdery mildew and Phytophthora in other plants. This is the first screening of C.
melo germplasm with a genetically characterized P. cubensis isolate.

Introduction

Pseudoperonospora cubensis (Berk. et Curt.) Rostov. is an obligate oomycete plant
pathogen that causes the disease cucurbit downy mildew (CDM). Typical symptoms of CDM are
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foliar chlorosis and necrosis on members of the family Cucurbitaceae. P. cubensis infects over
20 genera of cucurbits, including wild relatives of commercially grown cultivars (Ojiambo et al.
2015; Wallace et al. 2020). The pathogen produces sporangia borne on sporangiophores on the
abaxial side of leaves in humid conditions (Ojiambo et al. 2015). These sporangia are then wind
dispersed at distances up to 1,000 km to cucurbit adaxial leaf surfaces. Once attached, sporangia
germinate to produce zoospores that travel through water films and encyst in leaf stomata (Cohen
1981). P. cubensis overwinters in warm climates (Cohen 1977). In the United States, asexual
sporangia are blown from Florida and Caribbean islands to southern, mid-Atlantic, and northern
U.S. states; however, the impact of local inoculum that survives as cold temperature-resistant
oospores is not yet known (Jones et al. 2018, Ojiambo et al. 2015).
Historically, P. cubensis has been classified into five, and then later, six pathotypes based
on compatibility with a combination of differential cucurbit hosts, with compatibility being
defined as an isolate 1) causing greater than or equal to 50% leaf surface disease severity and 2)
production of ≥ 5 x 103 sporangia/ml (Thomas et al. 1987; Cohen et al. 2003). Within these
pathotypes, different strains have been identified with varying levels of virulence and fungicide
resistance (Lebeda et al. 2013). P. cubensis morphology is not useful for delineating different
groups, especially given that the morphology of a single isolate may change depending on which
cucurbit host it infects (Runge and Thines 2011).
In 2004, an epidemic of downy mildew occurred on cucumber in the eastern United
States caused by a new P. cubensis population that was initially recognized by the failure of
cucumber genetic resistance and fungicide programs (Holmes et al. 2015). Since then, attempts
have been made to characterize P. cubensis populations. Genotypic variation within P. cubensis
has been associated with differences in local geography, cucurbit hosts, and Eurasian versus
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North American isolates (Quesda-Ocampo et al 2012; Runge et al. 2011; Summers et al. 2015;
Wallace et al. 2020). Runge et al. (2011) first reported the existence of two different clades of P.
cubensis. Clade 1 had higher genetic diversity in North America, cited as evidence for its origin,
with Clade 2 originating in East Asia, where its genetic diversity was the highest. In a study of P.
cubensis isolates in North Carolina, Wallace et al. (2020) found that Clades 1 and 2 were
generally host adapted, with Clade 1 associated with Cucurbita pepo (squash), Cucurbita
maxima (winter squash), Cucurbita moschata (butternut squash), and Citrullus lanatus
(watermelon), and Clade 2 associated with Cucumis sativus (cucumber) and Cucumis melo
(melon). Isolates recovered from C. melo were assigned primarily to Clade 2 (76.1%), with
19.4% in Clade 1, and 4.5% that fit neither clade, potentially products of hybridization.
P. cubensis also has two mating types, A1 and A2, that are required for oospore
production. In one study, mating type A2 isolates were heavily associated with pathotypes 4 and
5, whereas mating type A1 isolates were in pathotypes 1 and 3 (Thomas et al. 2017a). Prior to
2004, there was no evidence that pathotypes 1 and 3 or mating type A1 were present in the
United States (Thomas 2017a). Whole genomic analysis of nine isolates from the United States
described two evolutionary lineages, I and II, with an association of the A1 mating type with
lineage II and the A2 mating type with lineage I (Thomas et al. 2017b). In a survey of mating
type distribution, A1 and A2 mating types were present in southern tier states in equal amounts,
whereas in northern tier states were all A1 mating type (Thomas 2016). On C. melo, both A1 and
A2 isolates were identified, with more A2 than A1 isolates, whereas other cucurbit hosts were
associated with one mating type or another. Clade I and lineage II may be different names for the
same population, since isolates within both categories showed little evidence of recombination,
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indicating a recent introduction, and thus the likely culprit for the 2004 epidemic in the United
States (Thomas et al. 2017b; Wallace et al. 2020).
In 2017, 28,906 ha of melon were planted in the United States (USDA-NASS 2017).
CDM significantly reduces melon yields by as much as 82% and lowers sugar content if
fungicides are not used (Keinath et al. 2007). There are currently very few available melon
cultivars with resistance to downy mildew. A few C. melo Plant Introductions (PI) are known to
have high levels of resistance to P. cubensis, most notably PI 124112 and PI 124111 from India
(Olczak-Woltman et al. 2011). Several inheritance studies have been described for CDM
resistance in melon with varying modes of inheritance dependent upon the genetic source. CDM
resistance has been described as being governed by co-dominant resistance genes in both PI
124111F (derived from PI 124111) and PI 124112 (Kenigsbhuch and Cohen 1992). A single
dominant gene was hypothesized to confer CDM resistance in line K15-6 (Angelov and Krasteva
2000). However, others have found resistance to be polygenic. Eight minor QTLs and one major
QTL (pcXII.1), explaining between 12% and 38% of the variation in resistance, were identified
in a population derived from the resistant PI 124112 (Perchepied et al. 2005). Quantitative
resistance to downy mildews has also been reported in Cucumis sativus and Humuls lupulus L.
(Henning et al. 2015; Kozik et al. 2013; Wang et al. 2018). The USDA C. melo inbred line MR1, derived from PI 124111, contains alleles for resistance to several plant pathogens, including P.
cubensis (Thomas et al. 1986). Thomas et al. (1988) hypothesized that MR-1 had two
incompletely dominant genes for CDM resistance.
MR-1 has been reported to be resistant to the five original pathotypes of P. cubensis
(Pitrat et al. 1996), which also may indicate that MR-1 is resistant to both mating types (Thomas
et al. 2017a). The relationship of pathotype to clade is not clear. Since the 2004 CDM epidemic
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in the United States, isolates of both mating types and clades have been recovered from C. melo
(Thomas et al. 2017a; Wallace et al. 2020). It is unknown whether variation exists among the
underlying genetic mechanisms conferring resistance to these different P. cubensis genotypic
classifications. Identifying host resistances to genetically characterized isolates will help mediate
the threat of “hypervirulent hybrids” of P. cubensis cautioned by Runge et al. (2011).
The C. melo genome, which was sequenced and published in 2012, was not available to
previous researchers working on CDM on melon (Garcia-mas et al. 2012). Branham et al. (2018)
used this reference genome to create a genetic linkage map with 5,663 single nucleotide
polymorphisms (SNPs) from a cross between resistant MR-1 and AY. AY produces a
horticulturally desirable fruit but is highly susceptible to CDM. The MR-1 x AY RIL population
was successfully used to identify QTLs for Alternaria leaf blight and Fusarium wilt (Daley et al.
2017; Branham et al. 2018).
The objectives of this study were to 1) utilize a genetically characterized P. cubensis
isolate (Clade 1, mating type A2) to phenotype 169 RILs, derived from resistant MR-1 and
susceptible AY, for CDM resistance and 2) identify downy mildew resistant QTLs using a
genetic map created from the published C. melo genome.

Materials and Methods

P. cubensis isolate preparation. The isolate of P. cubensis, WAL-01, was recovered
from symptomatic leaf tissue of the butternut squash cultivar Waltham in Fall 2018 from the
Coastal Research and Education Center, Charleston, SC. WAL-01 was maintained with periodic
inoculations of 2-week-old ‘Waltham’ seedlings grown in 50-cell trays in a greenhouse. Leaves
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with active sporulation were placed into 1 L beakers with 300 ml of sterile deionized water. The
lid was sealed, and sporangia were vigorously shaken loose. The sporangial solution was then
filtered through two layers of cheesecloth. Sporangia concentration of the filtrate was determined
using a hemocytometer to assure a concentration of 5 x 104 sporangia/ml or greater. With
a Paasche H-series airbrush (Paasche Airbrush Co., Chicago, IL) with a #3 spray head at 25 psi,
sporangia were applied to the adaxial side of leaves at a distance of 15cm until run-off was
observed. Inoculated seedlings were then placed in a humid chamber at 26ºC with 100% relative
humidity for 24 h to induce infection. Plants were returned to the greenhouse for seven days,
then placed back in a humid chamber at 26ºC with 100% relative humidity for 24 h to induce
sporulation. Leaves with sporulated lesions were removed from petioles before being stored for
long-term at -80ºC for ≤ 6 months. From the initial butternut squash sample, five single lesions
were randomly selected, and DNA was extracted using a Synergy™ Plant DNA Extraction Kit
(OPS Diagnostics, Lebanon, NJ) following the manufacturer’s instructions. Single lesions were
genotyped using the clade-specific qPCR protocol developed by Rahman et al. (2020). Mating
type was determined using the conventional PCR protocol developed by Dr. Peter Ojiambo
(personal communication).
Plant materials. A RIL population (F6–F11) of 169 lines segregating for resistance to P.
cubensis was created at the U.S. Vegetable Laboratory (U.S. Department of Agriculture) through
single-seed descent from an F2 population of a cross between MR-1 and AY (Daley et al. 2017,
Branham et al. 2018). MR-1 has resistances to several diseases, but unmarketable fruit quality,
whereas AY has desirable fruit quality, but is highly susceptible to cucurbit downy
mildew (Thomas 1986). Seeds of the 169 RILs, both parents, and the F1 hybrid were evaluated
for resistance to P. cubensis using a hierarchical nested design with two independent greenhouse
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tests and two independent growth chamber tests. Seeds were sown into 50-cell propagation trays
(Pro-trays, Hummert International, Earth City, MO) and grown either in the greenhouse or
growth chamber for two weeks. After seeding trays were placed on heating pads for 48 h at 32ºC
to encourage uniform germination. Greenhouse tests included one block of five plants in each
test due to space constraints, whereas growth chamber tests included two blocks of five plants in
each test. Each test was repeated for a total of two tests per environment. Plants were fertilized 5
days before inoculation with Peters 20–20–20 water-soluble fertilizer (JR Peters Inc., Allentown,
PA) prepared at 2 g/L. The greenhouse temperature ranged from 25°C to 32°C, whereas the
growth chamber was kept at 25ºC at 65% relative humidity with a 12 h photoperiod under LED
lights.
Spray inoculation assay. WAL-01 inoculum was freshly prepared by using sporangia
from previously frozen WAL-01 inoculated ‘Waltham’ to inoculate 2-week-old ‘Waltham’
seedlings as previously described. After seven days, WAL-01 inoculated ‘Waltham’ seedlings
were placed in a humid chamber at 26ºC at 100% relative humidity for 24 h to induce
sporulation. The fully expanded first true leaf of each plant was inoculated using this fresh
inoculum diluted to 2 x 104 sporangia/ml. Inoculated plants were then placed in a humid chamber
at 26ºC at 100% relative humidity for 24 h, then returned to either the greenhouse or growth
chamber. After 7 days, photographs were taken of inoculated leaves for each individual RIL, and
the percentage of diseased leaf tissue, which included both necrotic and chlorotic symptoms, was
calculated using the image analysis software program Assess 2.0 (APS Press, St. Paul, MN).
Statistical analysis. Representative phenotypic means were obtained by excluding blocks
of a RIL with less than two plants. Correlations between tests were measured with Pearson’s
correlation coefficients and diseased leaf area distributions, both within and across different tests,
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were tested for normality with Shapiro-Wilk tests in JMP Pro, Version 14 (SAS Institute Inc.,
Cary, NC). A mixed model was fit using a restricted maximum likelihood algorithm in the lme4
package in R to calculate variance components (Bates et al. 2015). All model variables were
treated as random effects: RIL (varRIL), environment (greenhouse or growth chamber) (varE),
test (varT), the interaction of RIL and test, the interaction of RIL and environment, the
interaction of test and environment, the three-way interaction of RIL x environment x test, and
block nested within test. With values from Table 3.1, broad-sense heritability (H2) was calculated
as (Holland et al. 2003):
H2 =

𝑣𝑎𝑟𝑅𝐼𝐿
𝑣𝑎𝑟𝑅 𝑥 𝑣𝑎𝑟𝑇
𝑣𝑎𝑟𝑅 𝑥 𝑣𝑎𝑟𝐸
𝑣𝑎𝑟𝑅 𝑥 𝑣𝑎𝑟𝑇 𝑥 𝑣𝑎𝑟𝐸
𝑣𝑎𝑟𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝑣𝑎𝑟𝑅𝐼𝐿 + (
)+ (
)+(
)+(
)
2
2
4
16

QTL mapping. CDM resistance QTLs were identified for each test and across all four
tests using the genetic map created by Branham et al. (2018). This map was generated using Rqtl
(Broman et al. 2003; R core team 2020) and was comprised of the resulting 5,663 SNPs
generated using GBSv2 pipeline of TASSEL 5.2.30 (Glaubitz et al. 2014) after filtering with
VCFtools version 0.1.15 (Danecek et al. 2011). QTL analysis was conducted using Rqtl.
Standard interval mapping with Haley–Knott regression was used to perform scans of one to five
candidate QTLs and to visualize and plot associations for each model (Haley and Knott 1992).
The function ‘stepwiseqtl’ was used to identify the optimal model for each trait (Broman and Sen
2009; Manichaikul et al. 2009). This function allows for the generation and fit testing of models
with epistatic interactions between identified QTLs. The function ‘scantwo’ established genomewide significance thresholds based on 1000 permutations. QTL mapping assumptions are based
on normality of phenotypic data, requiring QTLs from non-normal datasets to be validated
nonparametrically using the ‘scanone’ function with model set to “np,” (Kruskal and Wallis
1952; Kruglyak and Lander 1995).
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Whole genome resequencing was previously carried out for the parental lines MR-1 and
AY and resulted in 304,864 filtered SNPs across the genome (Branham et al. 2020). Functional
annotation of genomic SNPs was described with ANNOVAR version 2017 (Wang et al. 2010).
Candidate genes for CDM resistance were chosen based upon functional relevance using the
SNP annotation information within significant QTLs.

Results

Downy mildew resistance. WAL-01 was identified as Clade 1 and mating type A2. AY
inoculated with WAL-01 developed large coalescing lesions over most of the leaf surface,
whereas MR-1 developed small necrotic spots with chlorotic halos (Fig. 3.1). AY mean disease
severity was always higher than MR-1 severity, with the F1 mean disease severity intermediate to
both parents in all four tests (Fig. 3.2). Population segregation for CDM resistance had a nonnormal distribution (P value = <0.0001) when averaged across all tests from both environments.
Population segregation of tests in an environment and within individual tests in an environment
were also non-normal. Disease was more severe in the greenhouse compared to the growth
chamber. Disease severity ranged from 3.6 to 99.52%, with a mean of 43.82% in the greenhouse,
and 0.77 to 80.82% with a mean of 15.59% in the growth chamber.
RIL means were significantly correlated between all tests. The two greenhouse tests had a
slightly lower correlation coefficient (r =0.64) than the two growth chamber tests (r = 0.73).
Correlation coefficients were slightly lower between greenhouse test 1 and growth chamber tests
1 (r = 0.40) and 2 (r = 0.50) than greenhouse test 2 with growth chamber tests 1 (r = 0.52) and 2
(r = 0.57). When individual tests within an environment were combined and the two
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environments were compared, the correlation was higher (r = 0.58). Variation between tests
accounted for 1.6% of the total variation in CDM resistance in the C. melo RIL population
(Table 3.1), whereas environment accounted for 28.2%. Block within test variation accounted for
31.7%. H2 of resistance to P. cubensis was 63.7%.
Downy mildew resistance QTL. RIL means of lesion area were used to identify QTLs
for CDM resistance in the population. A total of nine significant QTLs were identified across
seven chromosomes in four experiments (Table 3.2; Fig. 3.3). QTLs were named according to:
q(Pcub for Pseudoperonospora cubensis)-(chromosome).(unique identifier per chromosome). In
the optimal QTL model for CDM resistance (i.e., model of maximum LOD score), across all
tests, 5 QTLs (qPcub-8.1, qPcub-8.2, qPcub-9.1, qPcub-10.1 and qPcub-12.1) explained 45.0%
of the variation in resistance in the MR-1 x AY RIL population (Table 3.2). The remaining QTLs
were significant in some but not all tests. All resistance alleles were contributed by MR-1. No
QTL models supported epistasis between QTLs.
Genome-wide significance thresholds for means across tests, across greenhouse tests,
across growth chamber tests, greenhouse test 1, greenhouse test 2, growth chamber test 1, growth
chamber test 2 had LOD scores of 3.19, 3.31, 3.05, 3.27, 3.27, 3.03, and 3.15, respectively. The
QTL model for the across test means had a LOD score of 22.45, which was higher than either the
two greenhouse tests together (LOD=15.19), the two growth chamber tests together
(LOD=15.85), the individual greenhouse (greenhouse 1: LOD=15.74; greenhouse 2:
LOD=14.91) and growth chamber tests (growth chamber 1: LOD=10.08; growth chamber 2:
LOD=13.66). Two of the five QTLs identified across tests were also associated with CDM
resistance in at least two of the within test analyses, qPcub-8.2 and qPcub-10.1, with qPcub-10.1
significant for all tests (Table 3.2; Fig. 3.3). qPcub-10.1 had the highest LOD score across all
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tests (LOD = 10.9), with qPcub-8.2 lower (LOD = 4.5). Within individual tests, qPcub-8.2 was
only associated with CDM resistance in growth chamber tests. Across growth chamber tests,
qPucb-8.2 had a LOD score twice as large (LOD = 8.0) as across all tests. Nonparametric QTL
mapping across all levels of analysis confirmed the association of qPcub-8.2 and qPcub-10.1
with CDM resistance, but the remaining QTLs were not significantly associated with resistance
in any test or combinations of tests.
The QTL 1.5-LOD intervals ranged from 4.1 to 81.8 cM, which corresponded to regions
of the genome that spanned 600 kb to 21.4 Mb (Table 3.2). Between 96 and 1,477 genes were
identified within each QTL for a total of 8,741 potential candidate genes. No candidate genes
related to CDM resistance were identified within qPcub-8.2. A promising candidate gene was
found within qPcub-10.1, MELO3C012438, which is a putative Mildew resistance locus o (mlo).
Using whole genome resequencing data for the parents (MR-1 and AY), two SNPs were
identified within the MELO3C012438 promoter region, S10_468391 and S10_468402, along
with two synonymous SNPs within the coding region.

Discussion

This study identified nine QTLs associated with downy mildew resistance. qPcub-10.1
was consistently identified across all four tests in both environments. qPcub-10.1 explained
11.3% to 23.3% of the total phenotypic variation, with an average across all tests of 18.7%. The
phenotypic distribution in the greenhouse studies was normal, whereas it was skewed left,
toward higher resistance, in the growth chamber, resulting in less total disease in the more
controlled environment. This may be partially explained by the detection of an additional major
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QTL, qPcub-8.2, in growth chamber studies and the absence of it in greenhouse studies,
indicating expression of its underlying gene in certain environments. Detection of downy mildew
resistance QTLs in Cucumis sativus has also been reported to be environmentally dependent
(Kozik et al. 2013; Li et al. 2018). The same was true for downy mildew resistance in H. lupulus
L. (Henning et al. 2015). The wide distribution of P. cubensis inoculated melon RIL phenotypes,
combined with the detection of multiple significant QTLs throughout different tests, indicate the
polygenicity and environmental dependency of CDM resistance in melon. Of the identified
QTLs, qPcub-8.2 and qPcub10.1 have the greatest potential for introgression into future melon
cultivars.
The lower correlation between individual greenhouse tests compared to growth chamber
tests is most likely due to the variable environment of the greenhouse as the tests were conducted
on different dates. The lower correlation between tests across environments demonstrates the
environmental dependence of this pathosystem. The variance components contributing the most
variation to the observed phenotype were environment, RIL, and block within test.
Environmental influence on P. cubensis, even in controlled environments, has been reported for
Cucumis sativus (Kozik et al. 2013). The high variance of block within test may indicate the
occurrence of microenvironments within the greenhouse that influenced the development of
symptoms. The variance of RIL is expected based on the distribution of phenotypes.
The predicted gene annotation of the melon reference genome (Garcia-mas et al. 2012)
indicated that MELO3C012438 was identified within qPcub-10.1, which is described as
producing an MLO-like protein. A functioning mlo has been correlated with powdery mildew
susceptibility in barley, Arabidopsis thaliana, and pepper, implying a generalized form of plant
immunity (Acevedo-Garcea et al. 2014; Büschges et al. 1997; Consomini et al. 2006; Kim and

75

Hwang et al. 2012). In the infection process of Blumeria graminis on mlo-mutant barley, Aist et
al. 1987 observed that spores did not develop haustoria inside the host cells. Mutant mlo have
also been associated with resistance to biotic stress from the oomycete pathogen Phytophthora
capsici in pepper (Kim and Hwang, 2012). In both melon and cucumber, genes for powdery
mildew and downy mildew resistance have been correlated (Fanourakis 1984; Perchepied et al.
2005). In melon, using a RIL between PI 124112 and cultivar Védrantais, a major QTL for
resistance to downy mildew and powdery mildew was observed on chromosome 12, whereas the
major QTL for downy mildew resistance (qPcub-10.1) was observed on chromosome 10. Both
QTLs were stable across multiple environments (Perchepied et al. 2005). A QTL for downy
mildew resistance was also identified on chromosome 8 in select environments (Perchepied et al.
2005), which may have the same underlying genetic mechanism as qPcub-8.2 .
Two SNPs from qPcub-10.1 were located within the promoter region of
MELO3C012438, along with two synonymous SNPs. Since successful mlo transcription is
associated with susceptibility, it is possible that the AY allele of MELO3C012438 has an intact
transcription binding site conferring susceptibility, whereas the MR-1 allele does not.
Thomas et al. (1988) described downy mildew resistance genes Pc1 and Pc2 in a cross of
MR-1 by AY. Balass et al. (1992) identified two genes that confer metabolic resistance in PI
124111F, which, like MR-1, was selected from P1 124111. From the production of the P45
protein, they reverse identified the partially dominant enzymatic resistance genes and found they
have high similarity with glyoxylate aminotransferase At1 and At2 produced in Arabidopsis
thaliana. Balass et al. (1992) proposed that these genes are Pc1 and Pc2. The ability of At1 and
At2 to confer downy mildew resistance was validated using two transgenic approaches (Taler et
al. 2004, Benjamin et al. 2009). These studies were published before the release of the melon
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genome, so At1 (AY066012) and At2 (AF461048) were queried against the C. melo genome by
using the BLASTn search algorithm and found At1 is located on chromosome 2 and At2 is
located on chromosome 5 (Altschul et al. 1990). The two major QTLs in this study, qPcub-8.2
and qPcub-10.1, are therefore unrelated to Pc1 and Pc2.
The two incomplete dominant genes proposed by Thomas et al. (1988) could be those
identified in the current study, if they are not the At1 and At2 genes described by Balass et al.
(1992). Interestingly, qPcub-8.2 was only associated with growth chamber studies, the same
environment Thomas et al. (1988) used to screen plants. Although little description of the P.
cubensis isolate used for inoculation by Thomas et al. was given, it was recovered from Weslaco,
TX in 1983, which would likely make it a pre-2004 epidemic Clade 1 and mating type A2
isolate.
Until now, no cucurbit CDM resistance research has been conducted using a genetically
characterized isolate of P. cubensis. Although relationships between pathotype, mating type, and
clade are still unclear, it is apparent that clade and mating type differences are associated with
the 2004 epidemic in the United States and are a starting point for future breeding efforts.
Breeding for resistance to pathotypes is problematic. For example, if an isolate causes a 0 to
49.9% diseased leaf surface, it may not be compatible by definition, but it is still destructive
from a grower’s perspective. Additionally, more pathotypes can be distinguished when more
cucurbit differentials are added (Lebeda et al. 2016).
This research is the first to utilize a genetic map anchored to the C. melo genome to
identify QTLs associated with CDM resistance. Experiments with a Clade 2 and mating type A1
isolate as inoculum are in progress. We plan to create KASP markers for the QTLs identified in
both studies, if different resistances are indeed present. By screening against different clades and
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mating types, it is expected that the genetic resistance identified will be robust for breeding not
only against the present populations of P. cubensis in the United States but also the potential
recombinants of these populations.
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Table 3.1 Variance components of percent diseased leaf
area of a Cucumis melo population in response to
inoculation with Pseudoperonospora cubensis Clade 1,
mating type A2
Variance Component Variance %VPa Standard Error
RIL (R)
156.9 11.5
12.5
Test (T)
22.3
1.6
3.6
Environment (E)
385.1 28.2
19.6
TxE
0.3
0.0
3.1
RxE
85.2
6.2
9.2
RxT
6.3
0.5
1.0
RxTxE
74.8
5.5
8.9
Block within T
431.9 31.7
15.5
Residual
201.2 14.8
14.1
a
Percentage of the total phenotypic variance
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Table 3.2 Quantitative trait loci (QTL) associated with percentage of diseased leaf area averaged across and within tests after artificial
inoculation with Pseudoperonospora cubensis Clade I, mating type A2
QTLa

Dataset mean

Peak (cM)

1.5-LOD interval (cM)

Range (Mb)b

LOD

Vp(%)c

P value

Additived

Genes

qPcub-5.1

Greenhouse 1

0.5

0–10.3

0–1.2

3.3

6.2

1.2 × 10

-4

5.9

151

qPcub-6.1

Greenhouse 2

67.5

63.3–82.1

7.8–20.8

4.3

8.4

1.1 × 10

-5

6.7

590

qPcub-8.1

Across All

34.3

20.2–42.0

2.6–5.5

4.3

6.8

1.2 × 10

-5

4.1

412

qPcub-8.2

Growth Chamber 1

90.2

84.6–94.0

25.5–29.4

5.4

13.4

7.8 × 10

-7

5.7

202

Growth Chamber 2

91.6

87.6–101.6

26.3–29.6

6.2

14.0

1.4 × 10

-7

4.4

167

Across Growth Chamber

91.6

87.6–94.0

26.3–29.4

8.0

16.8

2.5 × 10

-9

5.2

148

Across All

91.6

87.6–94.03

26.3–29.4

4.5

7.0

8.6 × 10

-6

4.2

148

Greenhouse 2

51

11.0–57.2

0.9–19.5

3.8

7.4

3.7 × 10

-5

6.2

1183

Across All

12.8

9.0–22.9

0.7–1.7

4.3

6.7

1.3 × 10

-5

4.2

1000

Greenhouse 1

0

0–5.0

0–1.0

6.9

13.6

3.3 × 10

-8

8.6

133

Greenhouse 2

0

0–4.1

0.3–0.9

10.8

23.3

3.4 × 10

-12

11.2

96

Growth Chamber 1

0

0–9.3

0.3–1.2

4.6

11.3

5.1 × 10

-6

5.2

143

Growth Chamber 2

0

0–9.3

0.3–1.2

6.0

13.4

2.5 × 10

-7

4.3

143

Across Greenhouse

0

0–4.1

0.3–0.9

8.6

17.8

4.9 × 10

-7

8.8

96

Across Growth Chamber

0

0–5.8

0.3–1.1

7.0

14.6

2.1 × 10

-8

4.9

128

Across All

1.3

0–5.0

0.3–1.0

10.9

18.7

4.1 × 10

-12

6.8

108

Greenhouse 1

76.6

60.1–81.4

4.6–6.3

5.9

11.6

2.9 × 10

-7

8.0

147

Across Greenhouse

61.1

60.1–86.4

4.6–7.7

4.7

9.2

4.2 × 10

-6

6.5

217

qPcub-9.1
qPcub-10.1

qPcub-10.2
qPcub-11.1
qPcub-12.1

Growth Chamber 2

96.8

89.7–112.3

26.7–29.0

3.5

7.5

7.6 × 10

-5

3.2

276

Across Growth Chamber

96.5

89.7–108.8

26.7–28.7

3.8

7.6

3.4 × 10

-5

3.6

239

Greenhouse 1

100.9

87.9–103.2

22.8–24.2

4.6

8.7

6.7 × 10

-6

7.0

204

Across Greenhouse

93.5

39.9–113.1

5.3–25.0

4.1

8.0

1.7 × 10

-5

6.0

1333

4.2–25.6

3.7

5.8

5.1 × 10

-5

3.8

1477

Across All
88.8
38.7–120.5
Bolded QTL were validated with non-parametric testing
b
Physical region of the genome corresponding to the 1.5-LOD interval of the QTL
c
Percent of the phenotypic variation explained by the QTL
d
Additive effect of the QTL
a
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Fig. 3.1 Photographs of leaves of the cucurbit downy mildew a resistant (MR-1) and b
susceptible (AY) parents 7 days post-inoculation with Pseudoperonospora cubensis
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Fig. 3.2 Histograms of percent diseased leaf area in the MR-1 x AY RIL population
averaged: a across all tests, b across greenhouse tests, and c across growth chamber tests
after inoculation with Pseudoperonospora cubensis Clade I, mating type A2. Parental
means and F1 are marked by vertical dashed lines
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Fig. 3.3 Logarithm of odds (LOD) scores for QTL associated with mean percentage of
diseased leaf area: a greenhouse test 1, b greenhouse test 2, c growth chamber test 1, d
growth chamber test 2, e across greenhouse tests, f across growth chamber tests, and g
across all tests after inoculation with Pseudoperonospora cubensis Clade I, mating type
A2. The dashed line indicates the genome-wide significance threshold
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CHAPTER FOUR

QTL MAPPING OF RESISTANCE TO PSEUDOPERONOSPORA CUBENSIS CLADE
2, MATING TYPE A1, IN CUCUMIS MELO AND DUAL-CLADE MARKER
DEVELOPMENT

Abstract

Pseudoperonospora cubensis, causal organism of cucurbit downy mildew (CDM),
causes severe necrosis and defoliation on Cucumis melo (melon). A recombinant inbred
line population (N=169) was screened against an isolate of P. cubensis (Clade 2 / mating
type A1) in replicated greenhouse and growth chamber tests. SNPs (n=5,633 bins)
identified in the RIL population were used for quantitative trait loci (QTL) mapping. A
single major QTL on chromosome 10 was consistently associated with resistance across
all tests, while a second major QTL on chromosome 8 was identified only in greenhouse
tests.These two major QTL were identified on the same chromosomes (8 and 10) but in
different locations as two major QTL previously identified for resistance to P. cubensis
Clade 1 / mating type A2. Kompetitive allele specific PCR (KASP) markers were
developed for these four major QTL and validated in the RIL population through QTL
mapping. These markers will provide melon breeders a high-throughput genotyping
toolkit for development of melon cultivars with broad tolerance to CDM.
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Introduction

Cucurbit downy mildew (CDM) is caused by the obligate oomycete plant
pathogen Pseudoperonospora cubensis (Berk. et Curt.) Rostov. P. cubensis causes severe
chlorosis and necrosis in all six major commercially cultivated cucurbit species. In the
eastern United States, windblown sporangia travel northward each year, lagging about a
month behind cucurbit planting dates, and land on leaf surfaces to initiate infections
(Ojiambo et al. 2015). Many cucurbits are planted twice in a single growing season, with
CDM more severe in the summer and fall months than in the spring (Keinath 2019). Due
to insufficient host resistance in Cucumis melo (melon), management of P. cubensis relies
heavily on fungicide applications, due to insufficient host resistance in C. melo. There are
several instances of fungicide resistance developing in P. cubensis, increasing the need
for developing resistant cultivars (Keinath et al. 2019; Olaya et al. 2009; Thomas et al.
2018).
A CDM epidemic in the eastern United States in 2004 was caused by the
introduction and spread of a new P. cubensis population that was genetically similar to
Clade 2 isolates originating from Eurasia (Holmes et al. 2015; Runge et al. 2011;
Quesada-Ocampo et al. 2012). A recent survey of P. cubensis populations utilizing C.
melo sentinel plots from nine states identified two genotypes causing infection: 88% of
isolates collected were Clade 1 / mating type A2 and 12% were Clade 2 / mating type A1
(Toporek and Keinath 2021). The inverse association of clade and mating type appears to
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be 100% in recovered isolates from C. melo, but alternative combinations have been
observed in isolates from other cucurbits in South Carolina (Toporek, unpublished).
P. cubensis clades, potentially cryptic species, are host adapted, and populations
of certain clades harbor specific, heritable fungicide resistances (D’Arcangelo et al. 2020;
Runge et al. 2011; Wallace et al. 2020). Thus, clades should be considered separate
populations of interest when screening cucurbit germplasm for resistance. A recent
population genetic analysis with seven gSSRs further supports speciation within P.
cubensis (Nowicki et al. 2021). An analysis of RXLR effectors determined the two P.
cubensis clades had both shared and unique effectors (Purayannur et al. 2020). Mating
type has also been associated with the breakdown of host resistance, as was the case with
Phytophthora infestans, when the introduction of a new mating type from Mexico caused
a resurgence of late blight on potato and tomato in the United States (Goodwin 1997). For
this reason, P. cubensis mating type may be an important consideration when screening
C. melo germplasm.
Inheritance of resistance in C. melo to P. cubensis has been reported as polygenic,
single dominant, or incompletely dominant (Epinat and Pitrat 1989; Perchepied et al.
2005; Thomas et al. 1988;). Recently, nine QTL for resistance to a Clade 1 / mating type
A2 P. cubensis isolate were identified in a recombinant inbred line (RIL) population,
including two major QTL on chromosome 8 and 10 derived from the resistant parent,
MR-1 (Toporek et al. 2021). A promising candidate gene was identified as an MLO gene
as a loss-of-function mutation in these genes has been shown to confer resistance to
powdery mildew in barley, Arabidopsis thaliana, and pepper (Acevedo-Garcia et al.
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2014). MR-1 was derived from PI 124111 (Thomas 1986), a CDM-resistant accession
introduced from India, where Clade 2 isolates predominate (Runge et al. 2011).
Kompetitive allele specific PCR (KASP) markers are effective molecular tools
that plant breeders can use to rapidly introduce genomic regions of resistance into new
plant genotypes. These markers are developed around single nucleotide polymorphisms
(SNPs) within the QTL of interest so that plant material can be evaluated with highthroughput screening for the presence of resistant alleles, alleviating the need to
phenotype in earlier breeding steps. KASP markers have been successfully
developed across qSulf-1, a QTL for sulfur resistance identified from the same MR-1
×AY mapping population (Branham et al. 2020). KASP markers also were developed
recently in C. melo and Cucumis sativus for powdery mildew (Cao et al. 2021).
The objective of this study was to 1) phenotype the segregating RIL population
for resistance to P. cubensis Clade 2 / mating type A1, 2) identify whether unique QTL
underly resistance to Clade 2 / mating type A1, and 3) develop and evaluate KASP
markers for major QTL associated with both clades/mating types of P. cubensis.

Materials and Methods

P. cubensis isolate identification and inoculum production. An isolate of P.
cubensis, SS-01, was recovered from a symptomatic leaf of cucumber cultivar Silver
Slicer in June 2019 at the Clemson University Coastal Research and Education Center,
Charleston, SC. Inoculum of SS-01 was increased and maintained as in Toporek et al.
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(2021), with the exception that sporangia were spray-inoculated onto 2-week-old leaves
of ‘Silver Slicer’ grown in 50-cell trays (Pro-trays, Hummert International, Earth City,
MO) instead of ‘Waltham’ butternut squash. Five lesions from the initial leaf were
randomly selected, and DNA was extracted using a Synergy™ Plant DNA Extraction Kit
(OPS Diagnostics, Lebanon, NJ) following the manufacturer’s instructions.
DNA concentrations were quantified using a Nanodrop ND 1000
spectrophotometer and NanoDrop 2.4.7c software (NanoDrop Technologies Inc.,
Wilmington, DE) and normalized to 7.5 ng/μL for downstream applications. The qPCR
protocol developed by Rahman et al. (2021) was used to identify to which clade an
isolate belonged, with fluorescence quantified using a Stratagene Mx3005P (Agilent
Technologies, Santa Clara, CA) quantitative PCR system. The conventional PCR
protocol developed by Dr. P. S. Ojiambo (personal communication) was used to
determine mating type. Mating type gene amplifications were performed with a PTC-200
thermal cycler (Bio-Rad, Hercules, CA), and amplicons were visualized on a 1.5%
agarose gel to verify amplicon size. Amplicons were sequenced bi-directionally by
Sanger sequencing using Big Dye V3.1 chemistry and run on ABI 3730XL instruments
(Functional Biosciences, Madison, WI). Resulting sequences were trimmed and aligned
to mating type A1 and A2 reference gene sequences in Geneious R11 (Geneious,
Auckland, NZ).
Plant materials. The U.S. Vegetable Laboratory (U.S. Department of
Agriculture, Agricultural Research Service) generated a cross between CDM resistant
breeding line MR-1 and susceptible cultivar Ananas Yoqne’am (AY) (Paris et al. 2013)
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to create a RIL population (F6–F11) through single seed descent from an F2 population,
resulting in 169 lines that segregate for resistance to P. cubensis. (Daley et al. 2017,
Branham et al. 2018). A hierarchical nested design was used to screen seedlings of each
RIL against SS-01 in two separate experiments in a greenhouse and two separate
experiments in a growth chamber (Toporek et al. 2021).
Seeds of each of the 169 RIL, MR-1, AY, and F1 hybrids were sown into 50-cell
propagation trays and placed on heating pads for 48 h at 32ºC to encourage uniform
germination. Experiments included two replications of five plants of each RIL, with two
replications of five plants of MR-1, AY, and the F1 hybrid included as controls. Five days
prior to inoculation, seedlings were fertilized with Peters 20-20-20 (N-P-K) water-soluble
fertilizer (JR Peters Inc., Allentown, PA) prepared at 2 g/L to promote a dark green leaf
to increase contrast between healthy and diseased tissue. Both growth chamber
experiments were conducted at 25ºC and 65% relative humidity (RH) with a 12 h
photoperiod under LED lights. Greenhouse experiment 1 was seeded October 19, 2020
and rated November 9, 2020. Temperatures ranged from 22°C to 38.5°C, with an average
of 25.3°C, and RH ranged from 24.6% to 82.8%, with an average of 62.8%. Seeds for
greenhouse experiment 2 were sewn November 23, 2020 and rated December 21, 2020.
Temperatures ranged from 16°C to 35°C, with an average of 21.6°C, and RH ranged
from 20.5% to 85.5%, with an average of 57.7%.
Phenotyping. Inoculations in all four experiments were performed using freshly
produced SS-01 sporangia collected from diseased 2-week-old ‘Silver Slicer’ seedlings as
previously described (Toporek et al. 2021). For each seedling, the first true leaf was
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inoculated with 2 ×104 sporangia/ml, and plants were placed into the humid chamber for
24 h, then transferred to either the greenhouse or the growth chamber. Symptoms were
allowed to develop for 7 days; then, the first true leaves were carefully removed with
scissors, placed on a dark blue felt background, and photographed from above with a
mounted camera. Photographs of each replication of an inoculated seedling were loaded
into the image analysis software program Assess 2.0 (American Phytopathological
Society, St. Paul, MN), and the total percentage of discolored leaf area of each leaf was
quantified.
Statistical analysis. Phenotypic means were collected across all seedlings of each
RIL from each test, excluding any RIL with less than two seedlings per test. Datasets
were created for each of the four independent tests, combined data from both tests in an
environment, and all tests combined from both environments, resulting in seven different
phenotypic datasets. These datasets were tested for normality using Shapiro-Wilk tests in
JMP Pro, Ver. 14 (SAS Institute Inc., Cary, NC). Datasets were non-normal and
correlations among tests were analyzed using Spearman’s correlation coefficients in JMP
Pro. To calculate variance components, a mixed model was fit using a restricted
maximum likelihood algorithm in the lme4 package in R (Bates et al. 2015). Model
variables were treated as random effects: RIL (varRIL), environment (greenhouse or
growth chamber) (varE), test (varT), the interaction of RIL and test, the interaction of
RIL and environment, the interaction of test and environment, the three-way interaction
of RIL × environment × test, and block nested within test. Broad-sense heritability (H2)
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was calculated as the variance of RIL divided by the overall phenotypic variance
(Branham et al 2019).
QTL mapping. In conjunction with the C. melo genetic map created by Branham
et al. (2018) for this population, comprised of 5,663 binned SNPs spanning all 12 C. melo
chromosomes, the seven phenotypic datasets were individually used to identify QTL for
CDM resistance. Cross objects of the genetic map and phenotypic data were analyzed
using the ‘qtl’ package in R (Broman et al. 2003; R core team 2021). Standard interval
mapping with Haley–Knott regression was performed with the ‘scanone’ function (Haley
and Knott 1992), followed by forward selection, to determine the optimal number of QTL
for downstream modelling and to geneterate LOD profile figures. The function
‘stepwiseqtl’ was then used to identify the optimal model with five or less QTL for each
trait using an automated forward and backward selection algorithm (Broman and Sen
2009; Manichaikul et al. 2009). Genome-wide LOD significance for each dataset was
determined with the function ‘scantwo’ based on 1000 permutations.
KASP Marker Development and Validation. Whole genome resequencing of
the parents generated 304,864 SNPs (Branhma et al. 2020) which were used to design
KASP markers for the major QTL associated with resistance to P. cubensis. These SNPs
had been assigned functional roles according to the reference genome annotation (GarciaMas et al. 2012) using ANNOVAR version 2017 (Wang et al. 2010). Candidate genes
could be identified within the 1.5 LOD were prioritized by the functional annotation of
the SNPs.
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Ten KASP markers per QTL were designed across qPcub-8.3 and qPcub-10.310.4, the major QTL identified in this study, as well as qPcub–8.2 and qPcub–10.1, the
major CDM resistance QTL identified in Toporek et al. (2021) associated with resistance
to P. cubensis Clade 1 / mating type A2. SNPs were chosen that flanked the QTL peak,
were greater than or equal to 50 bp away from each other, preferentially not part of an
intron, and within different haplotype blocks, if possible. Preference was also given to
SNPs that were non-synonymous or fell within a promotor region.
These SNPs, with the base pair of both parental alleles and their flanking 60 bp
regions defined, were supplied to LGC Genomics (Teddington, Middlesex, UK) for
“KASP™ by design” services (Online Resource 1). LGC Genomics then developed
KASP marker assays for each SNP. PCR reactions (5 µl volume) consisted of 0.07 µl of
primer mix (LGC Genomics; fluorophore-labeled allele-specific forward primers and a
reverse primer), 2.5 µl of 2X master mix (LGC Genomics) and 20 ng of sample DNA. A
PTC-200 thermal cycler was used for a touchdown PCR reaction with a 94°C hot-start
activation step for 15 min, then ten cycles of 94°C (20 s) and a starting annealing
temperature of 61°C, dropping by 0.6°C each cycle. Twenty-six additional cycles of 94°C
for 20 s and 55°C for 60 s followed the touchdown steps. Fluorescence was visualized on
a Stratagene Mx3005P and genotypes were called using MxPro v4.10 software.
KASP markers were initially screened using genomic DNA extracted from 2week-old seedlings of MR-1, AY, and F1 hybrid using a Synergy 2.0 Plant DNA
Extraction Kit, following the manufacturer’s instructions. DNA was quantified using a
Nanodrop ND 1000 spectrophotometer and NanoDrop 2.4.7c software and normalized to
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20 ng/ul. Each KASP marker was evaluated against six replicates of each parent and the
F1 hybrid, as well as six non-template controls, using the previously described PCR
protocol. Markers were evaluated based on genotypic clustering profiles. Successful
markers were then screened against the entire 169-RIL population and resulting
genotypes were added to the GBS-generated genetic map. QTL mapping was conducted
as previously described.

Results

Downy mildew resistance. Pseudoporonospora cubensis isolate SS-01 was
categorized as Clade 2 and mating type A1 through established molecular protocols.
Disease response of the control plants of MR-1, AY, and F1 fell in the tails and peak of
the population distribution, respectively, in all four tests (Fig. 4.1). Averaged across all
tests, disease severity in the RIL population ranged from 2.87 to 38.63%, with a mean of
11.78%. Disease severity ranged from 2.27% to 50.11%, with a mean of 9.31% across the
green house tests. Averaged across growth chamber tests, disease severity ranged from
2.25% to 70.05%, with a mean of 13.54%.
The distributions of phenotypic data (average percentage diseased leaf area) were
non-normal across RILs (P = <0.0001) in all datasets (n=7). This non-normality
warranted the use of the non-parametric Spearman’s correlation to examine correlations
between groups of tests. Spearman’s correlation coefficients among tests and
combinations of tests were significant in all comparisons, except when compared with
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growth chamber test 1. Both greenhouse tests were less correlated (r = 0.47, P = <0.0001)
than greenhouse test 1 and growth chamber test 2 (r = 0.59, P = <0.0001), but more
correlated than greenhouse test 2 and growth chamber test 2 (r = 0.40, P = <0.0001).
When averaged together, data from both greenhouse tests and both growth chamber tests
were significantly correlated (r = 0.46, P = <0.0001), but more correlated when growth
chamber test 1 was discarded (r = 0.62, P = <0.0001), and not correlated when only
compared to growth chamber test 1 (r = 0.06, P = 0.445).
Among variance components, the highest attributable variance was observed for
the factors RIL (14.2%) and RIL × test × environment (14.8%), with a large proportion
(57.7%) attributed to error. Environment and test accounted for 4.2% and 3.3%,
respectively. H2 of resistance to P. cubensis Clade 2 / mating type A1 was moderately
low at 0.32.
QTL for cucurbit downy mildew resistance. RIL disease severity means were
used as the phenotypes in QTL mapping. Genome-wide significance thresholds for means
across tests, across greenhouse tests, across growth chamber tests, greenhouse test 1,
greenhouse test 2, growth chamber test 1, growth chamber test 2 had LOD scores of 3.19,
3.01, 2.94, 2.89, 3.00, 3.12, and 3.13, respectively. Across all tests in both environments,
the QTL model had a LOD score of 11.93. Greenhouse test 1 and means of both
greenhouse tests 1 and 2 had higher LOD scores of 18.10 and 19.41, respectively. Growth
chamber test 2 and means of both growth chamber tests 1 and 2 had the lowest LOD
scores, 3.97 and 8.14, respectively.

98

Five QTL were identified with significant LOD scores across three chromosomes
and named with the following rules as in Toporek et al. (2021): q(Pcub for
Pseudoperonospora cubensis)-(chromosome).(unique identifier per chromosome) (Table
4.2; Fig. 4.2). All resistance alleles were non-epistatic and contributed by the resistant
parent MR-1. qPcub-8.3 (LOD=9.1) and qPcub-10.5 (LOD=3.7) were the only two QTL
identified using phenotype data means from all tests, explaining 22.5% and 8.3% of
variation in the population (Table 4.2). qPcub-8.3 was the only QTL consistently
observed in each test in which a QTL could be identified. qPcub-10.3 (LOD=9.4) and
aPcub-10.4 (LOD=10.6), likely the same QTL, explained at most 21.1% of the variation
observed in greenhouse tests only. qPcub-5.2 (LOD=3.7) explained 15.7% of variation
observed across growth chamber tests only. No significant QTL were identified in
greenhouse test 2 and growth chamber test 1.
Within the major QTL identified on chromosome 8, qPcub-8.3, 655 genes were
identified over a 16.5 cM range between 8.6 cM and 25.1 cM (Table 4.2; Online resource
1). When narrowing results to just those genes within the range of observed peaks across
different tests for qPcub–8.3, two genes were identified: MELO3C008820, a putative
disease resistance gene nucleotide-binding site leucine-rich repeat (NBS-LRR) analog,
and MELO3C008838, a receptor-like kinase (RLK). Within the major QTL identified on
chromosome 10, qPcub–10.3 and qPcub–10.4, 7 and 16 genes were identified,
respectively, within a much narrower 0.1 cM range. Within these genes,
MELO3C011814 was identified as another putative RLK.
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KASP Markers. KASP markers (n = 40) were designed using whole genome
resequencing SNP data for parents MR-1 and AY, 10 per major QTL. MR-1, AY, and F1
were polymorphic and clustered accordingly with 28 of the developed markers, whereas
14 formed irregular genotype clusters or were monomorphic. This corresponded to 8, 4,
7, and 9 polymorphic markers that spanned qPcub-8.3, qPcub-10.3-10.4, qPcub-8.2, and
qPcub-10.1, respectively (Table 4.3). QTL mapping was re-run using combined
phenotype data from all tests of their respective studies for qPcub-8.3 and qPcub-10.1,
combined growth chamber phenotype data for qPcub-8.2, and combined greenhouse data
for qPcub-10.3-10.4. Mapping with the addition of these polymorphic KASP markers
resulted in a narrowing of the physical distance of the LOD interval of each QTL.
For qPcub-8.3, the nearest marker CDM_C2_8_2115936 lay 0.168 Mb from the
peak at 21.3 Mb. This peak was located within the same haplotype block as the marker.
All other markers were located within the new 1.5 LOD interval.
For qPcub-10.3-10.4, the peak was between 4.62 Mb and 4.65 MB. The nearest
flanking marker was CDM_C2_10_4628519. Only CDM_C2_10_4651132 was also
located within the new 1.5 LOD interval.
For qPcub-8.2, the peak was between 27.42 Mb and 27.57 Mb. The nearest
flanking marker was CDM_C1_8_27375196. Five markers were located within the new
1.5 LOD interval CDM_C1_8_26523285, CDM_C1_8_27362711,
CDM_C1_8_27375196, CDM_C1_8_27595209, and CDM_C1_8_27815348.
For qPcub-10.1, the new peak was located at 0.899 Mb, exactly at KASP marker
CDM_C1_10_899379. The next closest marker, CDM_C1_10_899481, was 102 bp
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away. Six additional markers were located within the new 1.5 LOD interval
CDM_C1_10_331322, CDM_C1_10_468391, CDM_C1_10_470297,
CDM_C1_10_471835, CDM_C1_10_638624, and CDM_C1_10_720733.

Discussion

This study successfully identified five CDM resistance QTL, with one major
QTL, qPcub–8.3, consistent across all experiments and another, qPcub–10.3-10.4, only
identified in greenhouse experiments. Between environments, higher mean disease
severity was observed in the growth chamber than in the greenhouse, which may partially
explain why an additional QTL was identified in this environment. The opposite effect of
environment was observed in Toporek et al. (2021), where an additional major QTL was
observed only in growth chamber environments. The lower disease severity in the
greenhouse also may be explained by greater variation in daily relative humidity and
temperature, with daytime temperatures sometimes exceeding those favorable for CDM
development, whereas the growth chamber temperature was kept constant within a
favorable range (Cohen 1981). The environmental dependence of CDM host resistance
has previously been reported for species of Cucumis (Kozik et al. 2013; Li et al. 2018;
Toporek et al. 2021). Despite the consistency of environment, growth chamber test 1 was
unexpectedly uncorrelated with growth chamber test 2, which may be indicative of
microenvironments within the growth chamber.
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Overall, disease severity from tests within and between environments were less
correlated in this study using a Clade 2, mating type A1 isolate than previously described
for a Clade 1, mating type A2 isolate, potentially indicating a greater sensitivity to
environment for isolate SS-01 (Toporek et al. 2021). Nevertheless, the highest
contributions to phenotypic variance were RIL (14.2%) and RIL × test × environment
(14.8%). However, H2 of resistance to P. cubensis Clade 2 / mating type A1 was lower
(0.32) than that for Clade 1 / mating type A2 (0.63), which predicts greater difficulty to
introgress these new traits (Toporek et al. 2021).
qPcub-8.3 was responsible for 22% of phenotypic variation observed across all
experiments, and qPcub-10.3-10.4 was responsible for 21.1% of the phenotypic variation,
both with LOD scores above 9, making them the major QTL identified in this study. The
major QTL previously identified in Toporek et al. (2021) for resistance to P. cubensis
Clade 1 / mating type A2 were not identified in this study. Instead, the major QTL
qPucb–8.3 (peak 81.7 cM; 1.5-Lod: 73.1–83.7 cM) was located upstream of qPcub-8.2
(peak: 91.6 cm; 1.5 LOD: 87.6-94.0 cM) and qPcub-10.3-10.4 (peak: 60.5 cM ; 1.5 LOD:
60.1-61.0 cM) was downstream of qPcub-10.1 (peak: 1.3 cM; 1.5 LOD: 0-5.0 cM).
qPcub-10.3-10.4 does overlap with minor QTL qPcub-10.5, although their peaks are >7
cM away. qPcub-10.5 also appears to be the same minor QTL qPcub-10.2 observed
previously (Toporek et al. 2021). The other minor QTL, qPcub-5.2 (peak: 81.4 cM; LOD
69.0-105.3 cM), found only across growth chamber studies, was also located far
downstream of minor QTL qPcub-5.1 in Toporek et al. (2021) (peak: 0.5 cM; 1.5 LOD:
0-10.5 cM). Overall, chromosomes 8 and 10 appear to be important for CDM resistance
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in C. melo, with four major QTL located within them identified after screening with two
genetically distinct P. cubensis isolates.
The major QTL qPcub-8.3 had a much larger 1.5 LOD interval and contained
many more genes compared to qPcub-10.3-10.4. Within qPcub-8.3, MELO3C008820
and MELO3C008838, a putative disease resistance gene analog NBS-LRR and a
receptor-like kinase, respectively, were identified. Within the much smaller range of
qPcub10.3, a single receptor-like kinase was identified, MELO3C011814. The largest
plant resistance (R) gene family encodes NBS-LRR type genes (McHale et al. 2006).
Zhang et al. (2013) identified six NBS-LRR type genes within one major QTL for CDM
resistance in C. sativus. In Arabidopsis, NBS-LRR genes RPP13 and RPP8 have been
shown to confer downy mildew resistance (Bittner-Eddy et al. 2000; McDowell et al.
1998). RLKs are also a major class of plant R genes (Sekhwal et al. 2015). The RLK
gene CsLRK10L2 was recently found in association with CDM resistance QTLs in C.
sativus (Berg et al. 2020). No MLO resistance genes were identified in this study like
those found within the most significant QTL in Toporek et al. (2021).
With the recent work by Purayannur et al. (2020) highlighting the differences in
P. cubensis Clade 1 vs Clade 2 effectors and expression, it is not surprising that screening
with two genetically distinct isolates, SS-01 and WAL-01, (Toporek et al. 2021)
produced different reactions. In fact, isolate-dependent inheritance has been observed in
C. sativus in a large study with 26 isolates of P. cubensis (Chen et al. 2020) and again
with seven isolates (Katz et al. 2017), with the latter identifying multiple different QTLs
when exposed to different isolates. Conversely, C. melo PI 124111F, derived from PI
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124111 like MR-1, demonstrated broad-spectrum resistance to many P. cubensis isolates
(Cohen and Eyal 1987). The analyses performed in this study and by Toporek et al.
(2021) demonstrate that broad-spectrum CDM resistance may have different underlying
mechanisms which are isolate-dependent.
This research identifies CDM resistance QTL in C. melo to an isolate genetically
related to that of the 2004 epidemic population of P. cubensis in the United States. With
the predominance of Clade 2, mating type A1 isolates in the eastern United States, these
QTL will be the more important to incorporate. This study and the one by Toporek et al.
(2021) represent the first analyses of the underlying resistance mechanisms of a single C.
melo breeding line with two isolates of P. cubensis with highly different genetic
backgrounds. A total of 31 KASP markers were developed across four major QTL.
Future breeding lines incorporating resistance alleles from MR-1 can be rapidly screened
for introgression of major QTL for CDM resistance using the KASP markers developed
in this study.
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Table 4.1 Variance components of percent diseased
leaf area of a Cucumis melo population in response
to inoculation with Pseudoperonospora cubensis
Clade 2, mating type A1
Variance Component Variance %VPa Standard Dev
RIL (R)
25.1 14.21
5.0
Test (T)
7.5 4.22
2.7
Environment (E)
5.8 3.31
2.4
TxE
0.02 0.01
0.04
RxE
8.2 4.61
2.9
RxT
1.7 0.98
1.3
RxTxE
26.2 14.81
5.1
Block within T
0.3 0.17
0.6
Residual
101.9 57.67
10.1
a
Percentage of the total phenotypic variance
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Table 4.2 Quantitative trait loci (QTL) associated with percentage of diseased leaf area averaged across and within tests after artificial
inoculation with Pseudoperonospora cubensis Clade 2, mating type A1
QTLa

Dataset mean

Peak (cM)

1.5-LOD interval (cM)

Range (Mb)b

LOD

Vp(%)c

P value

Additive

Genes

qPcub-5.2

Across Growth Chamber

81.4

69.0–105.3

16.3–24.7

3.3

15.71

1.1 × 10

-4

2.4

285

qPcub-8.3

Greenhouse 1

82.8

74.5–84.5

9.2–25.4

8.8

17.9

3.4 × 10

-10

4.3

616

Growth Chamber 2

82.8

69.2–94.0

8.2–29.4

4.0

11.3

2.2 × 10

-5

3.3

919

qPcub-10.3
qPcub-10.4
qPcub-10.5
a

Across Greenhouse

82.5

74.3–84.6

8.9–25.4

9.5

18.5

7.4 × 10

-11

3.1

646

Across Growth Chamber

77.3

72.1–83.4

8.5–24.9

6.1

15.6

1.8 × 10

-7

3.3

651

Across All

81.7

73.1–83.7

8.6–25.1

9.1

22.0

1.6 × 10

-10

3.0

655

Greenhouse 1

60.1

59.8–60.4

4.6–4.7

9.0

18.2

2.5 × 10

-10

-26.6

7

Across Greenhouse

60.1

59.8–60.4

4.6–4.7

9.4

18.4

8.3 × 10

-11

-18.9

7

Greenhouse 1

60.5

60.1–61.0

4.6–4.7

10.0

20.6

2.4 × 10

-11

28.4

16

Across Greenhouse

60.5

60.1–61.0

4.6–4.7

10.6

21.1

5.3 × 10

-12

20.3

16

Across All

67.0

60.1–81.4

4.5–6.3

3.7

8.3

4.4 × 10

-5

1.9

147

Bolded QTL were validated with non-parametric testing
b
Physical region of the genome corresponding to the 1.5-LOD interval of the QTL
c
Percent of the phenotypic variation explained by the QTL
d
Additive effect of the QTL
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Table 4.3 Polymorphic KASP markers
KASP
Marker

Sequence

CDM_C1_8
_26044911

AAGGGGAAGACGAAAATCTTTTCGACGTCGTCGACCCTAGTCGGAGCGTTGCAAATTTAGATGGTATCGACGGGA[C/A]TTTCG
CAAGTAGAAATGAGAATGATTCCGACGAAAGACGGGGCGATGGTGCAGCTAGATCGTCCGAATTGAACTT

CDM_C1_8
_26523285

AAAATGTCACATGCAATTTAGCAAGCACGAGATGAAATATATAGCCACTAAAGGTTGATATTTTCAAAATACATG[A/G]CATAG
GAGTTGGATGAGAGAGAGAGAGTGACACGTGATGGATAATTGGCATCTATTTATCTAATATTTATAATGC

CDM_C1_8
_27362711

AATGTTGTTAGGGGTAATGTTCAAAGCAAATGGTTACTTTACGATATTCTAAATTATTGCCACTATGTAAAGGTT[C/T]AAGTTG
TAAGAAACTTTTGCTTCATAATAGTATTACACAGATAGATACTGTTCTATGAAAATGTTTATAAAAATT

CDM_C1_8
_27375196

CCGTTTCGTTCATGCTGTCGAAAGACTTGGTGGTCAAGAAAGTAATTTTCTTAACTTCTTCTTGTTCTGACCTCT[G/A]GAGTGGA
AGGTTATATTAGTTATCGATGAGCTAAGCTCATTTTAGCTTTTCTTTTCCATTTTCTTAACCTGACTC

CDM_C1_8
_27595209

CTACAACTATACTCAAAATATTTTTTGATATAACTTAAAGCAAAAAGAAAAAAGGTTACAAATATGTCAAAATTT[G/A]CATTTA
GTTCTCAAAGTTTATCAAGTTTGAAGAGTCCTCTATCATAGATAGATTTTACTATATTTACAATTATTT

CDM_C1_8
_27815348

GAGCCACCAGTAAAGTGTGCAGAGATGCACATAACTAGCAACACGGTCAGCTAGTTCCTTAACAGGGATTGGTTC[A/C]CCATA
TACACTGCATAAAGTGTCCGTAAAAAAACAAGATAAGCATTCAATAGGATAATACAAAATCAACAATACA

CDM_C1_8
_29350017

GAGTTGCAGTGTTGGCAAAAACAAGAAGGTTGACCTTAAAAGTACAAATGTTCCATCTAGAAGGGAAGACTGTCA[G/A]TCTTG
TTGTGAGGGTTTCTTTTGTCCTCAGGGTCTTACATGCATGATACGTAAGTATGTGACTAAATTACCTCTT

CDM_C1_1
0_331322

AGCAAGATTGTTATCAAACTGACCTGCTGGGCTCGTTGATGAAGGCCAGTTACCACGAAAGTCTTGAATTTTCTC[G/A]TTGCTT
TTCCCCTCAGATCTTTTACGAGATTTCAACAGTTTCTTTTGCCTACCAATCTGAAGCATTGAAGAGTAA

CDM_C1_1
0_468391

AAATTCTGAAAAGAAAAGCAACGTTCTTAAAAACTACTTATTTTTCTTTGTTTCTAGTTTTTATAACTTGACTTG[C/T]CTTTTGTG
AATAATTCCTAATTTAATAACGAACAAAGAAATTCATAGGTGGAAGTAGTGTTCATAAACTTCATTC

CDM_C1_1
0_470297

TTCCCTTCATCTTTTTCATGAATTCCTTTTAATTGTAGATGAGCAAATGGAAGGCCTGGGAGGATGAAACCAAGA[T/C]AATTGA
ATACCAGTACTATAATGGTATAGTTTTCTTCAAAATCCATATGAATGGGTAGATTAGATTTTACAGTGC

CDM_C1_1
0_471835

TCTGAGTATTTATTGAGGAATGCTTCTCTTTTATTCCATATCAGGGTGGTATTCATATCTATGGCTGCCTTTCAT[C/T]TCCTTATT
TGTAAGCATTTTGCCATCTATACTTCATTTATTTTCAAGCAATTCTTGTTTCATTCTTCATTCAACT

CDM_C1_1
0_638624

TTTGAAGAATAGGAGATTGAGTAATCATCTTGTTCATAGAGAAAACTCGGTGTTGGATTTTGATTTGGATGCTGC[C/T]GATGGA
AGAGAAATTCCCAAGTGTTAATGGTTGATTGCCTTTAGGTATTCCTTCTCTTCAATCTTTCACTTCCTT

CDM_C1_1
0_720733

TTACCTCGGCCGAGTTGCCTCCGGTTTCATCTCTGAAATTGTTTTGACAAAATACAAATTCCCTCGTCCTTTAAT[T/G]CTCTCTCT
AACCCTTCTTTTGTCCTGTGTCGGCCATTTGATAATAGCATTTGACGTCCCAAATGGGCTATACGTT

CDM_C1_1
0_899379

ATATGTAATTTTGATACCATTTCTCGTAGCTAATTCATGAGCTGAGCTGAGCTTATTAGAGGTCATTTATCTGCT[A/T]AACTGCT
CAGAATGGATGAGTTTCTGAAGAACCAAATCTTTGCAACTCATGCTGTTGCTGCTGTAGGCTCAGTGA
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CDM_C1_1
0_899481

AAGAACCAAATCTTTGCAACTCATGCTGTTGCTGCTGTAGGCTCAGTGACACTAAGTACAGTTCTTACTTATCCT[C/G]TTGACA
CTATCAAAACTATTATCCAGGTACAATTTCTTGCTAATGTGAATATTTTCTGTCATGTAACTGTATCTG

CDM_C1_1
0_1060652

GGGTAATGGATTTCATGTTATTGCTGCTCACACAGATAGCCCATGCCTAAAATTAAAGCCGAAGTCTTCGTCGAA[C/G]AAGTGT
AATTGTCTAATGGTCAATGTGCAGACATATGGCGGTGGTTTGTGGCATACTTGGTTTGATAGAGATTTG

CDM_C2_8
_19113041

CATAATCTTTCCATAGATACCCTAAGGGCGAAGCCCACTAATTTGAACAATAAAATTAAAGGAAGAATAATTACC[G/A]TTAAT
TTCAACCAGCTCATCTCCTTCGTGTATGCCAGCACGTGCAGCGGGGCTACCATCTATGATGGATAAAACA

CDM_C2_8
_20584650

TAATTATTCTAAAAAATTCTACCCATTGTAATTACCCTAAAACTTCATACCCGGATGTTGACCCAAACCCAGGCC[T/C]GGACCC
GTCGTGAACCCTTCAGCTGCGATCGTGTACCTGTTCGGCCCACACCTCGCGTGCAGGTCACGTCGTTTA

CDM_C2_8
_21159362

TTAGCCTTATTTTGGATGGTTTGCAGCTGGAAATATTGTTTGTTCTTGGGGACGTGGAGAAGATGGTCAATTAGG[C/T]CATGGA
GATGCTGAAGATCGATTTTCACCAACACAATTGAGTGCATTGGATGGCCATGAAATAGTATCTGTTACT

CDM_C2_8
_23464629

AGATGAAGATGAACATGAAGCTTTAGTCTTAGACTTAGTTCTTGAGGAACCAACTCTAGAATAATAGGCAGGTTC[T/A]TTTGCT
CCAGCAACTTTTGAAACATTTCCCTATATTACATAATTGTTGTTGGAAACAAGATCCTCCTCCTCTGAA

CDM_C2_8
_24320087

GAGTACAATCCAAAGATGGTGGATAGATAGGTTGAAAATCTTCACTAATCTTATCAACAAAGTCCAATACAGAGA[G/A]CTTCT
CCTGCACAAACAAGTAAATTGAAGTAAGCAACAACTCTCAGCTTCCACAAAACATTGAAATTCCAATTGC

CDM_C2_8
_24459122

CTTTTTGGATAGGGATGGGAAACATTTCCGTCACATTCTCAATTGGTTAAGGGATGGCATAGTTCCATTTCTTTC[A/T]GACTTTG
ACCTTTTAGAGCTTCTGCGTGAGGCAGAGTACTATCAATTGCTTGTAAGTCATCGTTTTCTGTAGTTC

CDM_C2_8
_24489326

ATAGATAATTTCAATCATTTATTTATTTGCCATTTAGGGAGCGACAATCGTAGATCAGACTGTGAGCATATCTCC[G/T]GTTGAA
AATCATGTACCAAGAAGAGAAATGCAGGTATTATTCTTATATTTGAATATATTTCAAGGCTTGCCTAGT

CDM_C2_8
_24591936

CCATTTGCGCCACACATTTGAAACTCTCAGTTTCTTGTTTCCTCAAATGGAACACTTGGTGGTTGAACAATCTTC[T/C]ACACTAC
CAAAGTAAGTAGTTCCTGATGTTCTTGCTTACTGTAAATTCTAGTCTTGTGTTCTGTTTTTCTGTACT

CDM_C2_1
0_4628519

GTTGGTACTGAAGTATTATTATGCACTATTAAGGTACAAACTTTTGAGTTTTCTTAGTTCTTTTCTTGCAGGTGG[C/G]ATGGTTC
TTCATAAGGGGGAAATAGCAGAGATGAGAACTGGAGAAGGAAAGACCTTAGTTGCTATTTTACCAGCT

CDM_C2_1
0_4651132

AAGTCGTGTACAATCCAACTGAGAATCTGATGATAATAGCCTCATATTGCCTTGTAGTTGATGTGCATAAGGGTT[G/C]TCTAGG
CCTCCTTCCATAGCAGCATGAGTGGGTGAAATCGTGCTGTAATTTTTAAGTGAAGTTACCTGCCTTCGA

CDM_C2_1
0_4651350

CATTCAGATTCTGTCCAGCAGAATCAGTGTCCAAGGAAATGCTGCATGGAACAAAAGAACAAAGAGGATCGACCA[C/A]GGAT
AGGCTACATTTCACGATTTCTTCAGCTATCAGCAAACCGTCGTCACCTTTTTCGTCCAAATGACCAAAATG

CDM_C2_1
0_4651456

TATCAGCAAACCGTCGTCACCTTTTTCGTCCAAATGACCAAAATGTATACTTGACTGTGAAGCAACTTGGAACTT[G/A}GATTCA
CATCTTTGCACACAAGAGTTCTCATCTGGTGCTATATCAGCGGATTCAGAAAGAAAGCTTGTCTCATTA
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Fig 4.1. Histograms of percent diseased leaf area in the Cucumis melo MR-1 × AY RIL
population averaged: a across all tests, b across greenhouse tests, and c across growth chamber
tests after inoculation with Pseudoperonospora cubensis Clade 2, mating type A1 isolate SS-01.
Parental means and F1 are marked by vertical dashed lines
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Fig 4.2. Logarithm of odds (LOD) scores for QTL associated with mean percentage of diseased
leaf area: a across all all tests, b greenhouse test 1, c greenhouse test 2, d growth chamber test 1,
e growth chamber test 2, f across greenhouse tests, and g across growth chamber tests after
inoculation with Pseudoperonospora cubensis Clade 2, mating type A1 isolate SS-01. The
dashed line indicates the genome-wide significance threshold
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CHAPTER FIVE

EFFICACY OF FUNGICIDES USED TO MANAGE DOWNY MILDEW IN CUCUMBER
ASSESED WITH MUTLIPLE META-ANALYSIS TECHNIQUES

Abstract

A nationwide, quantitative synthesis of fungicide efficacy data on management of
cucurbit downy mildew (CDM) caused by Pseudoperonospora cubensis is needed to broadly
evaluate fungicide performance. Three-level, three-level meta-regression, and network metaanalyses were conducted on data from 46 cucumber (Cucumis sativus) CDM fungicide efficacy
studies conducted in the eastern United States retrieved from Plant Disease Management Reports
published between 2009 and 2018. Three response variables were examined in each analysis:
disease severity, marketable yield, and total yield, from which percent disease control and
percent yield return compared to non-treated controls was calculated. Moderator variables used
in the three-level meta-analysis or three-level meta-regression included year, disease pressure,
number of fungicide applications, and slicing or pickling cucumbers. In the network metaanalysis, fungicides were grouped by common combinations of Fungicide Resistance Action
Committee (FRAC) Codes and modes of action (MOA). Overall, fungicides significantly (P <
0.001) reduced disease severity and increased marketable and total yields, resulting in a mean
54.0% disease control and 61.9% marketable and 73.3% total yield return. Subgroup differences
were observed for number of fungicide applications, control plot disease severity, and cucumber
type for marketable yield. Based on the meta-regression analysis for disease severity by year,
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fungicides have been significantly decreasing in efficacy from 2009 to 2018, potentially
indicating broad development of fungicide resistance over time. Treatments containing quinone
inside inhibitors, pyridinylmethyl-benzamides, and protectants and treatments containing
oxysterol binding protein inhibitors and protectants most effectively reduced disease severity.
The most effective fungicide combinations for disease control did not always result in the highest
yield return.

Introduction

Cucurbit downy mildew (CDM), caused by the obligate oomycete pathogen
Pseudoperonospora cubensis (Berk. & M. A. Curtis) Rostovzev, is a devastating disease of
cucumber (Cucumis sativus) in the eastern United States (Holmes et al. 2015). Among cucurbits,
the genus Cucumis is the most susceptible (Cespedes-Sanchez et al. 2014; Ojiambo et al. 2015).
A reemergence of cucurbit downy mildew in the United States was observed in 2004 when the
dm gene, which conferred CDM resistance in many cucumber cultivars, became ineffective with
the introduction of a new P. cubensis population, now known as Clade 2 (Call et al. 2012;
Holmes et al. 2015; Wallace et al. 2020). Until very recently, few cucumber cultivars were
available with resistance to P. cubensis isolates in Clade 2, so fungicide spray programs are the
most effective method of protection (Call et al. 2012, D’Arcangelo 2019). Appropriately timed
prophylactic applications of protectant fungicides, such as chlorothalonil and mancozeb, and
strategic rotations of fungicides with different active ingredients, as classified by the Fungicide
Resistance Action Committee (FRAC) Codes, are key to managing this disease. The appearance
of P. cubensis Clade 2 led to subsequent evaluations of old and new fungicides for downy
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mildew control throughout the eastern United States, with pre-epidemic, epidemic, and postepidemic efficacy evaluated in a meta-analysis conducted on fungicide efficacy data from 2000
to 2008 (Ojiambo et al. 2010). This study reported fluopicolide (FRAC Code 21), carabamates
(FRAC Code 40), and quinone inside inhibitors (QiI) (FRAC Code 22) to be some of the more
effective single active ingredients.
P. cubensis is a polycyclic pathogen with a heightened ability to develop resistance to
single-site fungicides (Pavelkov´a et al. 2014; Zhu et al. 2008). Since 2008, resistance in P.
cubensis to fluopicolide (FRAC Code 21) and propamocarb (FRAC Code 28) has been
documented, with some isolates being resistant to both active ingredients (Thomas et al. 2018).
Additionally, reduced sensitivity to cymoxanil (FRAC Code 27) and famoxadone (FRAC Code
21) has also been reported in cucumber bioassays and field trials (Keinath et al. 2019; Kikway et
al. 2021). These post-2008 reports add to the already documented resistance to phenylamides
(FRAC Code 4), carboxylic acid amines (CAA) (FRAC Code 40), and quinone outside inhibitors
(QoI) (FRAC Code 11), justifying an updated synthesis of fungicide efficacy data (Colucci 2008;
D’Arcangelo et al. 2020; Keinath 2016; Olaya et al. 2009). The new active ingredients
ethaboxam (FRAC Code 22), ametoctradin (FRAC Code 45), and oxathiapiprolin (FRAC Code
49) were registered for use in the United States since the publication of the previous metaanalysis. These new compounds target the ß-tubulin assembly, oomycete mitochondrial bc1
complex III, and the oxysterol-binding protein domain, respectively (Cohen 2015; Zhu et al.
2015).
FRAC codes are used to categorize different fungicide active ingredients, although
different FRAC codes may have the same biochemical mode of action (MOA). For example,
FRAC codes 22 and 43 both affect the cytoskeleton and motor protein, and FRAC codes 21 and
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11 both affect respiration. MOA codes group FRAC groups into one of 16 letters (A-P) based on
the fungal metabolic process they inhibit (FRAC 2021). Active ingredients grouped as M are
chemical multi-site inhibitors, and the additional category U is for active ingredients with
unknown modes of action.
CDM can reduce marketable cucumber yields by as much as 100% (Thornton et al.
2005). Cucumber yield can be measured as either total yield, the combined weight of all fruit, or
marketable yield, the combined weight of all fruit  15 cm in length excluding misshapen fruit
(Keinath 2019). Whereas total yield represents a biological measure of total plant output,
marketable yield is of more economic importance to the cucumber grower.
Meta-analyses, which have been utilized in plant pathology for a little over two decades,
have focused mainly on the efficacies of agrochemicals (Shaw and Larson 1999; Scherm et al.
2014). A meta-analysis seeks to synthesize research results, including contradictory ones, from
independent studies based on treatment effect size estimates that are weighted by the error
variance in the respective studies (Madden et al. 2011). A three-level meta-analysis builds upon a
traditional random effects meta-analysis, because it includes a third level in the model (Harrer et
al. 2021). This additional level accounts for the association among treatment effect sizes that are
derived from comparing multiple treatment means to the same control treatment mean within a
study. A network meta-analysis, also called a multiple treatment meta-analysis, increases the
precision of estimates of effect sizes of treatments by incorporating information from indirect
comparisons between treatment means from different studies (Madden et al. 2016). Utilizing a
two-way unconditional linear mixed model in a network meta-analysis also allows for factoring
of data correlation between treatment means calculated from a shared control treatment mean
(Madden et al. 2016).
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The analysis reported in this paper begins in the decade after the Ojiambo et al. 2010
study, 2009 to 2018, to provide a more recent synthesis of how fungicides have performed
during the post-CDM epidemic period in the eastern United States. The objective of this study
was to identify which fungicide active ingredients and modes of action were the most effective in
controlling CDM and what factors might influence overall fungicide efficacy. The analyses were
performed by conducting separate CDM fungicide efficacy meta-analyses on data from CDM
fungicide efficacy reports published in Plant Disease Management Reports (PDMR), using
disease severity, marketable yield, and total yield as response variables. First, a three-level metaanalysis was conducted for each response variable, then the effects of pre-determined categorical
and continuous moderator variables were examined to identify significant differences between
subgroups and trends within subgroups, respectively. Second, using the same three response
variables, network meta-analyses were performed on reduced datasets comprised of common
combinations of FRAC Codes and MOA, which were derived from the treatments in each report.

Materials and Methods

PDMR report selection. Data were obtained from cucumber CDM fungicide efficacy
trials published in Plant Disease Management Reports from 2009 to 2018. Data exploration led
to several criteria being established to determine which reports could be used in analyses. First, a
report had to include one of the following response variables for treatments: disease severity
measured as a percentage, marketable yield, or total yield. Second, reports had to either provide
the pooled sample variance (mean square error), least significant difference, or be able to have its
pooled sample variance estimated using the method developed by Ngugi et al. (2010). If this
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information was not provided or estimable, and nearly all pooled sample variances had to be
estimated, attempts were made to obtain the pooled sample variance directly from the author as
to not exclude reports without significant differences among treatments.
Meta-analysis dataset creation and moderator variables. Different datasets were
generated by including treatments from reports that measured each response variable. A report
was included in each dataset for which it had the appropriate response variable. Each treatment
in a report was coded with three pre-determined categorical moderator variables: the number of
individual fungicide applications in that treatment (range 3 to 8), a range of disease severities
measured in the non-treated control for the report as used in Ojiambo et al. 2010 (0 to 29, 30 to
49, or 50 to 100), and the horticultural type of cucumber (slicing or pickling). These initial
datasets were used to conduct three-level meta-analyses for each response variable. Three-level
meta-regression analysis was performed on the number of fungicide applications, disease
severity of the non-treated control, and the year of the trial as continuous variables for each
response variable. Treatments within the three-level meta-analysis datasets were then coded by
both the FRAC Code and FRAC MOA of each fungicide used in a treatment to create datasets
for a network meta-analysis. If a FRAC code or MOA was redundant between fungicide
products used within a treatment, it was only counted once. FRAC codes M03 (mancozeb) and
M05 (chlorothalonil) were classified together and designated FRAC Code P. Across all
treatments within a response variable dataset, combinations of FRAC codes and MOA where
nine or more effect sizes were calculated were included in the network meta-analyses. The study,
author, year, cultivar, cultivar type, and treatment spray program of each dataset are available at
https://doi.org/10.6084/m9.figshare.19149296.v1.
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Effect size, percent control, yield return, and correlation. The effect size (𝐿) for each
treatment within each study was calculated by taking the natural log of the response ratio (R),
calculated as the treated mean divided by the control mean (Machado et al. 2017; Ngugi et al.
2010). 𝐿 was calculated for each treatment for each response variable: disease severity,
marketable yield, and total yield. Pooled sample variance (V) for a report was estimated using the
method developed by Ngugi et al. (2010). The estimated variances of L (VL) were then calculated
according to the method described in Madden et al. (2011). Percent control was calculated as 𝐶̅ =
(1 – (exp(𝐿̅𝐷𝐼𝑆 ))×100), and mean yield return as 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) – 1)×100) for both marketable
and total yield (Machado et al. 2017). All studies that reported either marketable or total yield
also reported disease severity, so a correlation analysis of effect sizes was performed on two
datasets: 1) between marketable yield and disease severity and 2) between total yield and disease
severity. Disease severity data were normal, but both marketable and total yield data were nonnormal, so datasets were analyzed using Spearman’s correlation coefficients in JMP Pro, Version
14 (SAS Institute Inc., Cary, NC).
Model selection. Two meta-analytical models were used in this study: a three-level
model and a network model. Both the three-level and network meta-analyses allow for the
prevention of unit-of-analysis error, which arises due to experimenters comparing all treatments
in a study to the same control, leading to clustered effect size data (Cheung 2014; Harrer et al.
2021).
The datasets used in the three-level meta-analysis were analyzed using a three-level
mixed effect model, fit directly to the effect size (L). This model is a traditional random effects
model with an added level (Harrer et al. 2021):
𝜃̂𝒾𝒿 = 𝜇 + 𝜁(2)𝒾𝒿 + 𝜁(3)𝒿 + 𝜖𝒾𝒿
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where 𝜃̂𝒾𝒿 is an estimate of the true effect size of an effect size 𝒾 nested in cluster 𝒿, μ is the
overall average population effect, 𝜁(2)𝒾𝒿 (level 2) is within-cluster heterogeneity, 𝜁(3)𝒿 (level 3) is
between cluster heterogeneity, and 𝜖𝒾𝒿 is the sampling error of individual studies (level 1). Level
2 is the additional level that pools individual effect sizes within a study into a group referred to
as a “cluster”, since they are related, and not independent, because they are all compared to a
common non-treated control within the study. These clusters are then pooled within level 3. The
R package ‘metafor’ was utilized, and the three-level mixed effect model was fit to the datasets
using the function ‘rma.mv’ with the method for estimating model parameters set to ‘REML’ for
restricted maximum-likelihood (Harrer et al. 2021; R Core Team 2012; Viechtbauer 2010). In
the model definition, level 2 is nested within level 3, and both are considered random effects. To
verify whether nesting provided a better fit to the model, a two-level, traditional random effects
model was fit without level 2. Despite a three-level model being the rational model choice, the R
function ‘anova’ was used to run an analysis of variance to verify that it fit better than the threelevel by comparing Akaike and Bayesian information criterion (AIC/BIC) (Harrer et al. 2021).
The amount of variation (I2) at each level not attributed to sampling error was calculated using
the ‘var.comp’ function (Harrer et al. 2021).
For three-level meta-analysis datasets, three categorical moderator variables also were
assigned to each effect size in all three datasets: number of fungicide applications in a treatment,
range of disease severity in the non-treated control used in Ojiambo et al. 2010, and cucumber
type. Three continuous moderator variables were also assigned: number of fungicide applications
in a treatment, range of disease severity as continuous, and year of trial. A three-level mixedeffects model was then created to perform subgroup analysis on each moderator variable impact
on the overall effect 𝐿̅:
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𝜃̂𝒾𝒿 = 𝜃 + 𝛽𝜒𝒾 + 𝜁(2)𝒾𝒿 + 𝜁(3)𝒿 + 𝜖𝒾𝒿
where 𝜃 is the intercept and 𝛽 the regression weight of a predictor variable χ (Harrer et al. 2021).
Subgroups were compared with t-tests to test for significant differences. When χ is continuous,
the model becomes a three-level meta-regression model.
Datasets coded into common FRAC Code and MOA combinations were analyzed using a
network meta-analysis, which allows for additional indirect evidence between treatment
combinations, where it exists, to be factored in to increase effect size estimate precision (Harrer
et al. 2021). This analysis utilized the following two-way unconditional linear mixed model,
where the model was fit to the treatment means rather than the pairwise difference of the
treatment means as in the three-level mixed effects model (Machado et al. 2017; Madden et al.
2016; Paul et al. 2008):
Y𝑖 ~𝑁(𝜇, ∑ + S𝑖 )
where Yi is the vector of L (the natural log of disease severity or yield treatment means) for the k
treatments (where k varies depending on the number of treatment categories in a dataset) plus the
nontreated check for the ith study. μ represents a vector of the mean of Yi across all studies, ∑ is
an unstructured k × k between-study variance-covariance matrix, and Si is a within-study
variance-covariance matrix for the ith study. N(•) indicates a multivariate normal distribution. Si
was incorporated into the model as a weight calculated by taking the inverse function of the
within-study variance for each treatment from each study (Paul et al. 2008). Models were fit to
each dataset with a maximum-likelihood parameter (Machado et al. 2017). The network metaanalysis was fit using an arm-based model with the ‘rma.mv’ function in the ‘metafor’ package
in R (R Core Team 2012; Viechtbauer 2010). Mean effect sizes, their corresponding standard
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errors, and 95% confidence intervals for each subgroup within a moderator variable were
estimated using linear contrasts (Machado et al. 2017).

Results

Data. Of the 74 cucumber CDM efficacy reports published during 2008 to 2019, 46 met
the selection criteria for disease severity, 30 for marketable yield, and 14 for total yield. Some
reports examined the same fungicide treatments on different cucumber cultivars, which were
treated as separate reports for purposes of the meta-analysis, resulting in an additional 7 and 5
reports for the disease severity and marketable yield datasets, respectively. Three reports that
measured total yield were not included in the total yield analyses due to their effect sizes being
outliers and larger than the Q3 + 1.5 IQR for the total yield dataset. These studies had uniquely
low control yield values of 0.1 to 3.4 lb/plot, all of which were from the same author using the
same cultivar. Reports that examined biological control products and elemental fungicides, e.g.,
sulfur and copper, were too few to include. Twenty non-cucumber CDM reports published
between 2009 and 2018 also met the selection criteria; however, there were not enough reports
for any individual cucurbit species other than cucumber to warrant a meta-analysis. In total, three
datasets were created for three-level meta-analyses, one for each response variable, further
categorized by moderator variables. Six datasets were created for network meta-analyses:
common FRAC treatment combinations for each response variable and common MOA treatment
combinations for each response variable. Across all treatments within a network dataset, there
were ≤16 combinations of ≤10 FRAC Codes and ≤12 combinations of ≤6 MOA. Due to
insufficient data per moderator variable by FRAC or MOA combination (n < 9) in these reduced
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datasets, the moderator variables used in the three-level meta-analyses were not included in the
network meta-analyses.
Spearman’s correlation analysis showed marketable yield and disease severity effect sizes
were not correlated (P = 0.567), however total yield and disease severity effect sizes were
negatively correlated (p = -0.24, P = 0.001). Disease control L becomes more negative as disease
severity of a treatment is lower compared to the non-treated control, whereas total yield L
becomes more positive as total yield of a treatment increases compared to the non-treated
control, so this correlation can be interpreted as total yield increasing as disease severity is
reduced.
Three-level meta-analysis. Disease severity. The percentage of total variance between
̅̅̅ within studies was 9.9% (second level; n = 470) and 25.0% between studies
effect sizes (𝐿)
(third level; n = 51). The test for heterogeneity demonstrated significant differences between all
𝐿̅ in the data set (P <0.0001) (Table 5.1). The overall 𝐿̅ of fungicide treatments was -0.78 with a
standard error of 0.07. The overall effect was significant (t = -10.36, P <0.0001). Across all
treatments for which disease severity was reported (n = 470), use of fungicides resulted in 46.7%
to 60.3% (mean 54.0%) disease control compared to not using fungicides.
Within the three categorical moderators for disease severity, no subgroups were
significantly different from eachother (Fig. 5.1A-C, Table 5.2, Table 5.S1). Of the three
continuous moderators, year was highly significant (P = 0.007) with a positive regression
coefficient, indicating a decreasing trend in percent disease control from 2009 to 2018 (Table
5.2). The number of fungicide applications was nearly significant (P = 0.06), with a negative
regression coefficient, indicating an increasing trend in percent disease control from 3 to 8
fungicide applications.
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Marketable yield. The percentage total variance between 𝐿̅ within studies was 2.50%
(second level; n = 288) and 69.37% between studies (third level; n = 36). The test for
heterogeneity demonstrated significant differences between all effect sizes in the data set (P <
0.0001) (Table 5.1). The overall 𝐿̅ of fungicide treatments was 0.48 with a standard error of 0.06.
The overall effect was significant (t = 8.21, P < 0.0001). Across all treatments for which
marketable yield was reported (n = 288), overall use of fungicides increased marketable yield by
44.2% to 81.7% (mean 61.9%) compared to not using fungicides.
Of the three categorical moderators for marketable yield, subgroups within fungicide
applications (P = 0.042), control plot disease severity (P = 0.02), and host (P < 0.0001) were
significantly different (Table 5.2). Within control plot disease severity, significantly higher
percent marketable yield return occurred in the 50 to 100% disease range (mean 77.1%)
compared to the 0 to 29% disease range (mean 32.7%) (P = 0.043) and the 30 to 49% disease
range (mean 16.5%) (P = 0.023) (Fig. 5.1D, Table 5.S2). Percent marketable yield return for
treatments within the 30 to 49% disease range was not significantly different from 0. Within
host, significantly higher percent marketable yield return occurred among pickling cultivars
(mean 78.7%) compared to slicing cultivars (mean 19.9%) (P = 0.001) (Fig. 5.1E). 𝐿̅Yield for
marketable yield for treatments applied to slicing cucumber cultivars was not significantly
different from 0, with a nearly significant P value of 0.08. Within number of fungicide
applications, percent marketable yield increase was greater with five applications than three (P =
0.023) or eight (P = 0.032) applications. This corresponded to a mean 95.4% marketable yield
return compared to a mean 42.1% and 24.5%, respectively (Fig 5.1F). Percent marketable yield
increase for treatments with eight fungicide applications was not significantly different from 0.
Of the three continuous moderators, control plot disease severity was significant (P = 0.04)
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(Table 5.2), with a positive regression coefficient, indicating an increasing trend in marketable
yield return with higher control plot disease severity.
Total yield. The total variance between 𝐿̅ within studies was 0.59% (second level; n =
158) and 83.1% between studies (third level; n = 16). The test for heterogeneity demonstrated
significant differences between all effect sizes in the data set (P < 0.0001) (Table 5.1). The
overall 𝐿̅ of fungicide treatments was 0.55 with a standard error of 0.09. The overall effect was
significant (t = 6.14, P < 0.0001). Across all treatments for which total yield was reported (n =
158), overall use of fungicides increased total yield by 44.8% to 105.4% (mean 73.3%)
compared to not using fungicides.
Within the three categorical moderators for total yield, no subgroups were significantly
different from eachother (Fig. 5.1 G-I, Table 5.2, Table 5.S3). Within the number of fungicide
applications, there were not nine or more treatments across studies to calculate percent total yield
return for three or five applications, reducing the analyzed dataset to n = 151 treatments. Of the
three continuous moderators, none were significant (Table 5.2).
Network meta-analysis. Disease severity. 𝐿̅ among 16 FRAC Code combinations ranged
from -0.16 to -1.59, corresponding to mean percent disease control of 14.5% to 79.6% (Fig.
5.2A, Table 5.S4). All FRAC Code combinations were significantly different from 0, which
indicated all suppressed disease to a certain extent compared to the non-treated control. The most
effective FRAC combinations were 21+43+P (protectants) and 49+P, which did not differ
significantly based on linear contrasts (P = 0.367). FRAC 11 was the least effective active
ingredient, though linear contrasts showed it was not statistically different from FRAC 40 (P =
0.658).
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𝐿̅ among 12 MOA combinations ranged from -0.14 to -1.07, corresponding to mean
percent disease control of 17.1% to 72.9% (Fig. 5.2B). All MOA combinations were
significantly different from 0, which indicated all suppressed disease to a certain extent
compared to the non-treated control. The most effective combinations were respiration + lipid
synthesis or transport / membrane integrity function + multi-site activity (CFM) and cytoskeleton
and motor protein + C + M (BCM), which did not differ significantly based on linear contrasts
(P = 0.385). The least effective MOA was cell wall biosynthesis (H).
Marketable yield. 𝐿̅ among nine FRAC combinations ranged from 0.04 to 0.63,
corresponding to mean percent marketable yield return of 4.0% to 87.9% (Fig. 5.2C, Table 5.S5).
FRAC 40 and FRAC 11 treatments applied without any other fungicide were not significantly
different from 0, which indicated these two active ingredients did not increase percent
marketable yield return relative to the non-treated control. The most effective FRAC Code was
21, though linear contrasts showed it was not significantly different from 21+43+P (P = 0.096),
22 (P = 0.759), or 49+P (P = 0.724). The least effective FRAC code was 11, though linear
contrasts showed it was not significantly different from 40 (P = 0.927) or P (P = 0.557).
𝐿̅ among 10 MOA combinations ranged from 0.10 to 0.65, corresponding to percent
marketable yield return of 10.2% to 91.4% (Fig. 5.2D). The most effective combination was
CFM, though linear contrasts showed it was not significantly different from F (P = 0.947) or C
(P = 0.096). MOA H, the least effective MOA, was not significantly different from 0 and also
not significantly different from M (P = 0.163).
Total yield. 𝐿̅ among five FRAC combinations ranged from 0.61 to 0.98, corresponding
to percent total yield return of 84.7% to 167.4% (Fig. 5.2E, Table 5.S6). All FRAC combinations
were significantly different from 0, which indicated all active ingredients increased percent total
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yield return relative to the non-treated control. The most effective FRAC combination was
28+43+P, though linear contrasts showed it was not significantly different than 21+P (P =
0.058). The least effective FRAC combination was P alone, though linear contrasts showed it
was not significantly different than 22+P (P = 0.253) or 43 (P = 0.955). 𝐿̅ among seven MOA
combinations ranged from 0.60 to 0.92, corresponding to percent total yield return of 82.3% to
150.4% (Fig. 5.2F). All MOA combinations were significantly different than 0, which indicated
all MOA combinations increased percent total yield return relative to the non-treated control.
The most effective MOA combination was BMF, though linear contrasts showed it was not
significantly different than C (P = 0.253), CM (P = 0.064), CH (P = 0.106), or B (P = 0.088).
The least effective MOA was M.

Discussion

Meta-analysis is useful for evaluating the efficacy of fungicides in studies conducted
across both time and space. Fungicide efficacy studies like those published in Plant Disease
Management Reports are not only the bedrock of fungicide recommendations for CDM
management, but also a useful way to monitor the development of fungicide resistance in the
field. Ongoing monitoring and multiple trial data synthesis is especially important for CDM,
considering the variable fungicide efficacy observed in this pathosystem across years, locations,
and different isolates of P. cubensis (Keinath et al. 2019; Pavelkov´a et al. 2014).
Based on the results of the three-level meta-regression, fungicide efficacy significantly
trended downward between the years 2009 and 2018, as indicated by the reduction in percent
disease control. It can’t be said for certain that this trend is due to reduced efficacy of fungicides,
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since there were not enough reports of any single active ingredients each year to support that
claim. This trend was not observed for either marketable or total yield return, but these datasets
were also smaller than that used to analyze percent disease control. Yield of slicing cucumber
affected with downy mildew was shown to be less affected by fungicide active ingredient than
foliar disease severity (Keinath and Silva 2021).
In this study, only fungicide efficacy on cucumber could be accurately evaluated, due to
fewer reports, mainly cucumber reports, published after 2008 than in the earlier years of the
CDM epidemic (Ojiambo et al. 2010). P. cubensis is comprised of two clades, Clades 1 and 2,
with Clade 2 being most likely responsible for the 2004 CDM epidemic (Runge et al. 2011;
Wallace et al. 2020). P. cubensis clades have been shown to have host preferences, with Clade 2
isolates more likely to infect Cucumis species than Clade 1 isolates (Wallace et al. 2020). Clade
2 may be the more important clade to examine for fungicide resistance since Thomas et al.
(2018) showed that most fluopicolide-resistant and all propamocarb-resistant isolates were
collected from cucumber. Although clade was not identified in the trial reports used here, this
meta-analysis likely is an analysis of how Clade 2 populations and fungicide treatments interact.
Three-level meta-analyses showed that fungicide application significantly reduced
disease severity and increased both marketable and total yields. Ojiambo et al. (2010) reported
that moderate disease pressure (30 to 49%) in the non-treated control resulted in higher, though
not significantly higher, percent disease control in fungicide trials. In this meta-analysis, the
same trend was observed, however, significantly higher percent marketable yield return was
observed at the highest disease pressure range (50 to 100%). Percent total yield return was
numerically but not significantly higher in the high disease pressure range in the control plots,
although there were not enough reports to compare percent total yield return in the medium
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disease pressure range. Yield response variables seem to indicate greater effect sizes, and thus
greater benefit, to using fungicides when disease pressure is at its highest.
A similarity to Ojiambo et al. (2010) was that greater, but not statistically significantly
greater, mean percent disease control was observed with five and six fungicide applications than
with more or fewer fungicide applications. Significant effects of fungicide application number
were observed for percent marketable yield return only, with 5 and/or 6 applications return
higher yield than other amounts. As Ojiambo et al. (2010) made note of, this may be due to
higher disease pressure requiring more fungicide applications and lower disease pressure
requiring less, and thus the middle disease pressure, which numerically results in the greatest
efficacy of fungicides, requires the middle amount of fungicide applications, however, this
conflicts with the finding that significantly higher percent marketable yield return was observed
at the highest disease pressure. This is unsurprising given the lack of correlation between the two
response variables. The significant and positive regression coefficient for yield return with
higher disease pressure further supports this phenomenon, especially given that these categorical
disease pressure categories are arbitrary.
Percent marketable yield return was heavily influenced by cucumber horticultural type,
with pickling cultivars having a much higher percent marketable yield return than slicing
cultivars. However, percent disease control and percent total yield return were not significantly
moderated by cucumber horticultural type, perhaps indicating differing responses to CDM in
fruit production between the two types of cucumbers. Percentage cull fruit in pickling cucumber
affected with downy mildew and not sprayed or treated with an ineffective fungicide is much
greater (range 20 to 100%) than percentage cull fruit of slicing cucumber (range 16 to 21%) (Call
et al. 2013; Colucci et al. 2007, 2008; Keinath 2019). Conversely, percentage marketable yield
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return is increased to a greater extent by applying effective fungicides to pickling cucumber than
slicing cucumber.
In the three-level analysis, the categorical and continuous moderator variables with
significant differences between subgroups and trends varied between percent disease control,
percent marketable yield return, and percent total yield return. All categorical moderator
variables were significant for percent marketable yield return, but none were significant for
percent disease control or percent total yield return. The lack of categorical moderator variable
differences in both disease severity and total yield datasets may be reflective of their raw effect
size correlation. However, continuous moderator variables also varied, with year significant for
percent disease control and control plot disease severity for marketable yield. In the network
meta-analysis, percent marketable yield return and percent total yield return do not completely
agree with percent disease control, where at times single FRAC Codes and MOAs had higher or
comparable percent yield returns compared to the treatments with multiple fungicides. This
illustrates that estimates for disease severity and yield don’t always correspond, nor do estimates
for marketable yield and total yield, and different response variables used in CDM meta-analyses
will paint much different pictures.
The FRAC Codes reported as effective in controlling CDM either alone or in a tank
mixture are 7, 21, 22, 27, 28, 29, 33, 43, 45, 49, P07, and protectants, of which the efficacy of 7,
29, 33, and P07 could not be evaluated in this study (D’Arcangelo et al. 2021; Goldenhar and
Hausbeck 2019; Kemble et al. 2021). Treatments containing QiI (FRAC code 21),
pyridinylmethyl-benzamides (FRAC code 43), and protectants (FRAC code P07) and treatments
containing OSBPI (FRAC code 49) and protectants most effectively reduced disease severity.
CAA (FRAC Code 40) and QoI (FRAC Code 11) were the least effective fungicides sprayed
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alone based on percent disease control, which is consistent with the previous meta-analysis by
Ojiambo et al. (2010). QiI, toluamides (FRAC Code 22), carbamates (FRAC Code
28), pyridinylmethyl-benzamides, and even protectants applied singly all had similar levels of
percent disease control. Previously, protectants alone were reported to be less effective than QiI
or carbamates alone (Ojiambo et al. 2010).
The network meta-analyses for the disease severity response variable showed that the
treatments with the highest percent disease control involve either two systemic fungicides rotated
or one systemic fungicide rotated with a protectant, mirroring previous findings by Ojiambo et
al. 2010. The same efficacy is also reflected in the percent disease control for the network metaanalysis for the effects of MOA combinations on disease severity, where two modes of action
plus multi-site activity (CFM or BCM) was the most effective.
Of the fungicides registered after 2008, ametoctradin (FRAC Code 45) could not be
compared on its own, as it is only sold mixed with dimethomorph (FRAC Code 40) in the
product Zampro. However, Zampro (FRAC Code 40 + 45) had a mean percent disease control of
50.5% compared to 16.4% for treatments comprised of CAA (FRAC Code 40) only. There was
not enough marketable or total yield data reported for Zampro to be used in the respective
network meta-analyses. Oxathiapiprolin, an OSBPI (FRAC Code 49), plus protectants was as
effective as fluopicolide, a pyridinylmethyl-benzamide (FRAC Code 43) plus protectants, the
most effective combination previously reported in Ojiambo et al. (2010). The high efficacy of
fluopicolide tank mixed with a protectant is surprising, given several reports of poor efficacy
relative to oxathiapiprolin when fluopicolide was applied alone in 2013 to 2015 and lack of
efficacy by fluopicolide in a 2017 trial (D’Archangelo et al. 2021; Goldenhar and Hausbeck
2019). It is possible that some of the efficacy in the fluopicolide plus protectant treatments was
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due to the efficacy of the protectant since protectants alone also were effective in this metaanalysis. In the network meta-analysis by common FRAC code combinations, oxathiapiprolin
plus protectants (49+P) resulted in a percent marketable yield return of 63.9%, but it could not be
compared side by side to 43+P. There was not enough total yield data reported for 49+P for the
total yield data network meta-analysis. Although their active ingredients could not be measured
singly, both new fungicide groups were effective in their combinations.
Common FRAC or MOA coded treatments could not be analyzed by moderator variables
in the network meta-analysis due to the lack of sufficient data. An example of a useful
comparison would have been to see how percent disease control of an at risk FRAC code
changed from 2009 to 2018. From a meta-analysis perspective, more coordination of future
CDM fungicide trial treatment design would be helpful to draw larger, nation-wide conclusions,
as has been done recently for fungicide treated corn (Wise et al. 2019). Although more complex
and unique fungicide rotation programs may result in better control, these treatments could not
be incorporated into this analysis. Standardizing cucumber yield measurements would also help
synthesize data in the future, as reports with marketable or total yield had to be analyzed
separately. Far fewer studies reported total yield than marketable yield. Total yield, although
significantly correlated with disease severity, is a biological measure of plant production and can
be misleading since it doesn’t reflect the financial benefit to cucumber growers. It is also less
precise, as seen by the larger standard errors for total yield compared to marketable yield.
Therefore, marketable yield should at least be collected in future fungicide evaluations.
Overall, fungicides tested between 2008 and 2019 in the eastern United States effectively
controlled downy mildew and improved yield in cucumber, although those two variables are not
unambiguously linked. The meta-analysis performed by Ojiambo et al. (2010) did not analyze
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reported yields, so this is the first use of marketable or total yield as response variables in a metaanalysis analyzing CDM fungicide trials. All active ingredients evaluated significantly reduced
CDM disease severity, and all but pyraclostrobin and dimethomorph increased percent
marketable yield return. It should be cautioned that successful CDM management requires an
integrated approach, based on fungicide application timing, fungicide active ingredient rotation,
and cucumber host resistance (Keinath 2019). Identifying effective fungicides in a meta-analysis
does not capture the threat of emerging fungicide resistance in real time, so the results of these
analyses should not be considered wholly prescriptive. Nevertheless, these analyses found that
the most effective fungicide program to manage downy mildew on cucumber was rotating two
systemic fungicides with each other or systemic fungicide with a protectant. Although the most
effective systemic fungicides may change over time, these alternating sequences of fungicide
applications are predicted to reduce the risk of fungicide resistance (van den Bosch et al. 2014).
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Table 5.1. Summary statistics of three-level meta-analyses for each response variable from CDM
fungicide trials published on cucumber in Plant Disease Management Reports from 2009 to 2018
% Control or yield
Effect sizeb

Response

CIL

CIU

t

P

𝐶̅ 𝑜𝑟 𝑌̅

CIL

CIU

-10.36

<0.0001

54.0

46.7

60.3

0.60

8.21

<0.0001

61.9

44.2

81.7

0.72

6.14

<0.0001

73.3

44.8 105.4

na

𝐿̅

se (𝐿̅)

Disease severity

470

-0.78

0.07

-0.92 -0.63

Marketable yield

288

0.48

0.06

0.37

Total yield

158

0.55

0.09

0.37

variable

increasec

a

Total number of treatments evaluated across all reports.
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable; standard error
of 𝐿̅, (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
c
Mean percent control (𝐶̅ ) or percent yield increase (𝑌̅) and lower (CIL) and upper (CIU) 95% confidence
interval of 𝐿̅ calculated as either 𝐶̅ = (1 – (exp(𝐿̅𝐷𝐼𝑆 ))×100) or 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) – 1)×100).
b
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Table 5.2. Significance of categorical moderator variables and continuous moderator variable regression coefficients
on mean effect sizes from three-level meta-analyses for each response variable from CDM fungicide trials published
on cucumber in Plant Disease Management Reports from 2009 to 2018
Continuousb
a
Categorical
Sprays
Ctrl dis
Year
Response variable

Sprays

Ctrl dis

Host

Coefficient

P

Coefficient

P

Coefficient

P

Disease Severity

0.250

0.78

0.211

-0.07

0.06

0.005

0.13

0.063

0.007

Marketable Yield

0.042

0.02

0.001

0.028

0.25

0.004

0.04

-0.01

0.57

Total Yield

0.836

0.63

0.805

-0.05

0.54

-0.0004

0.90

0.65

0.70

P values. Sprays = number of fungicide applications in a treatment (3-8), Ctrl dis = range of trial control plot disease
severity (0 to 30%, 30 to 50%, or 50 to 100%), Host = slicing or pickling cucumber type.
b Regression coefficient and corresponding P value for each continuous moderator variable.
a
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Table 5.S1. Summary statistics from a three-level meta-analysis of disease severity for each
moderator variable from CDM fungicide trials published on cucumber in Plant Disease
Management Reports from 2009 to 2018
Effect sizeb
Control (%)d
Pc

𝐶̅

CIL

CIU

-0.97 -0.22

0.002

44.9

20.1

62.1

0.12

-0.91 -0.44

<.0001

49.2

35.9

59.7

-0.84

0.13

-1.10 -0.59

<.0001

56.9

44.4

66.6

141

-0.92

0.11

-1.14 -0.71

<.0001

60.3

50.6

68.2

7

54

-0.62

0.25

-1.12 -0.12

0.014

46.2

11.7

67.3

8

47

-0.80

0.24

-1.28 -0.32

0.001

55.1

27.4

72.2

0 to 29

39

-0.87

0.25

-1.36 -0.39

0.0004

58.2

32.2

74.3

30 to 49

20

-0.92

0.27

-1.45 -0.38

0.0008

60.1

31.9

76.6

50 to 100

411

-0.75

0.08

-0.92 -0.59

<.0001

52.9

44.4

60.1

Pickling

380

-0.59

0.03

-0.65 -0.53

<.0001

44.6

41.4

47.7

Slicing

90

-0.95

0.16

-1.26 -0.64

<.0001

61.3

47.3

71.6

Group

Subgroup

na

𝐿̅DIS

se (𝐿̅DIS)

Sprays

3

17

-0.60

0.19

4

116

-0.68

5

95

6

Ctrl dis

Host

CIL

a

CIU

Total number of treatments evaluated across all reports.
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable;
standard error of (𝐿̅) (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
c
P value indicating subgroup significant difference from 0
d
Mean percent control (𝐶̅ ) and 95% confidence interval calculated as 𝐶̅ = (1 – (exp(𝐿̅𝐷𝐼𝑆 ))×100)
b
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Table 5.S2. Summary statistics from a three-level meta-analysis of marketable yield for each
moderator variable from CDM fungicide trials published on cucumber in Plant Disease
Management Reports from 2009 to 2018
Effect sizeb
Yield increase (%)d
se
Group

Subgroup

na

𝐿̅Yield

(𝐿̅Yield)

CIL

CIU

Pc

𝑌̅

CIL

CIU

Sprays

3

15

0.35

0.11

0.14

0.56

0.001

42.1

14.9

75.6

4

80

0.49

0.09

0.31

0.66

<.0001

62.7

36.9

93.4

5

54

0.67

0.10

0.47

0.87

<.0001

95.4

59.2

139.7

6

77

0.59

0.08

0.43

0.75

<.0001

80.0

53.7

110.8

7

40

0.38

0.13

0.13

0.63

0.003

45.8

13.5

87.2

8

22

0.22

0.18

-0.14

0.58

0.226

24.5

-12.8

77.8

0 to 29

30

0.28

0.13

0.03

0.53

0.0273

32.7

3.2

70.5

30 to 49

16

0.15

0.17

-0.19

0.49

0.3751

16.5

-17.0

63.5

50 to 100

242

0.57

0.06

0.45

0.69

<.0001

77.1

56.7

100.1

Pickling

245

0.58

0.06

0.46

0.70

<.0001

78.7

58.9

101.0

Slicing

43

0.18

0.10

-0.02

0.39

0.080

19.9

-2.2

47.0

Ctrl dis

Host

a

Total number of treatments evaluated across all reports.
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable;
standard error of (𝐿̅) (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
c
P value indicating subgroup significant difference from 0
d
Mean percent yield increase (𝑌̅) and 95% confidence interval calculated as 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) –
1)×100).
b
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Table 5.S3. Summary statistics from a three-level meta-analysis of total yield for each moderator variable
from CDM fungicide trials published on cucumber in Plant Disease Management Reports from 2009 to
2018
Effect sizeb
Yield increase (%)d
se
Group

Subgroup

na

𝐿̅Yield

(𝐿̅Yield)

CIL

CIU

Pc

𝑌̅

CIL

CIU

Sprays

3

<9

-

-

-

-

-

-

-

-

4

24

0.49

0.20

0.09

0.88

0.017

63.2

9.4

141.1

5

<9

-

-

-

-

-

-

-

-

6

63

0.65

0.17

0.31

0.99

0.0002

91.6

36.3

169.1

7

31

0.62

0.24

0.14

1.10

0.013

85.9

15.0

200.4

8

33

0.43

0.19

0.05

0.82

0.029

53.7

5.1

127.0

0 to 29

37

0.63

0.24

0.15

1.10

0.0103

86.8

16.1

200.5

30 to 49

0

-

-

-

-

-

-

-

-

50 to 100

151

0.76

0.15

0.47

1.06

<.0001

114.1

59.2

188.0

Pickling

105

0.61

0.14

0.33

0.89

<.0001

84.0

39.1

143.5

Slicing

53

0.67

0.21

0.25

1.10

0.002

95.4

28.4

200.4

Ctrl dis

Host

a

Total number of treatments evaluated across all reports.
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable; standard error of
(𝐿̅) (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
c
P value indicating subgroup significant difference from 0
c
Mean percent yield increase (𝑌̅) and 95% confidence interval calculated as 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) – 1)×100).
b
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Table 5.S4. Summary statistics from network meta-analyses of disease severity grouped by either common
FRAC combinations or MOA combinations of treatments from CDM fungicide trials published on cucumber in
Plant Disease Management Reports from 2009 to 2018
Effect sized
Control (%)f
se
Group

Subgroup

nc

𝐿̅DIS

(𝐿̅DIS)

FRACa

21+43+P

14

-1.59

0.17

49+P

14

-1.42

43+P

11

22+43

MOAb

Z

Pe

𝐶̅

CIL

CIU

-1.93 -1.26

-9.32

<.0001

79.6

71.5

85.4

0.20

-1.81 -1.02

-7.02

<.0001

75.7

64.0

83.7

-1.27

0.13

-1.53 -1.01

-9.45

<.0001

71.9

63.4

78.4

9

-1.27

0.15

-1.56 -0.97

-8.35

<.0001

71.8

62.0

79.0

21+P

12

-1.02

0.06

-1.13 -0.91

-18.43

<.0001

64.0

59.8

67.7

21+28+P

10

-0.97

0.15

-1.26 -0.68

-6.56

<.0001

62.2

49.4

71.7

40+45

16

-0.70

0.09

-0.88 -0.53

-7.76

<.0001

50.5

40.9

58.6

21

18

-0.67

0.07

-0.81 -0.53

-9.24

<.0001

48.7

40.9

55.5

22

26

-0.63

0.07

-0.78 -0.49

-8.71

<.0001

47.0

38.8

54.0

43

26

-0.63

0.10

-0.83 -0.42

-5.99

<.0001

46.6

34.4

56.5

28

14

-0.59

0.10

-0.78 -0.40

-6.02

<.0001

44.3

32.6

54.0

P

58

-0.59

0.07

-0.73 -0.45

-8.23

<.0001

44.3

36.0

51.6

22+P

33

-0.54

0.07

-0.66 -0.41

-8.22

<.0001

41.5

33.5

48.5

11+27

11

-0.38

0.05

-0.48 -0.28

-7.23

<.0001

31.5

24.1

38.2

40

17

-0.18

0.04

-0.26 -0.10

-4.24

<.0001

16.4

9.2

23.1

11

12

-0.16

0.03

-0.22 -0.09

-4.85

<.0001

14.5

8.9

19.7

CFM

16

-1.07

0.12

-1.30 -0.83

-8.90

<.0001

72.9

56.6

65.7

BCM

18

-0.96

0.13

-1.22 -0.69

-7.18

<.0001

70.4

50.1

61.5

CIL
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CIU

FM

19

-0.86

0.11

-1.07 -0.64

-7.87

<.0001

65.7

47.5

57.6

CH

18

-0.80

0.12

-1.03 -0.56

-6.69

<.0001

64.3

43.0

54.9

F

22

-0.74

0.09

-0.91 -0.56

-8.16

<.0001

59.9

42.8

52.1

CM

15

-0.68

0.13

-0.93 -0.42

-5.18

<.0001

60.6

34.3

49.1

BM

45

-0.60

0.07

-0.74 -0.47

-8.61

<.0001

52.4

37.3

45.4

M

59

-0.55

0.07

-0.70 -0.41

-7.46

<.0001

50.3

33.5

42.5

B

61

-0.52

0.07

-0.67 -0.38

-7.05

<.0001

48.6

31.3

40.6

C

44

-0.48

0.07

-0.61 -0.35

-7.29

<.0001

45.5

29.5

38.0

CU

11

-0.36

0.05

-0.45 -0.26

-7.02

<.0001

36.5

22.6

29.9

H

17

-0.14

0.02

-0.19 -0.09

-5.83

<.0001

17.1

8.9

13.1

a

Fungicide Resistance Action Committee (FRAC) Code combinations. P (M03 and M05): protectants, 11:
Quinone outside inhibitors, 21: Quinone inside inhibitors, 22: Toluamides, 27: Cyanoacetimde-oxime (oximes),
28: Carbamates, 40: Carboxylic acid amides, 43: Pyridinylmethyl-benzamide, 45: Quinone outside inhibitor,
stigmatellin binding type, 49: Oxysterol binding protein homologue inhibition.
b
FRAC mode of action (MOA) combinations. B: cytoskeleton and motor protein, C: respiration, F: lipid
synthesis or transport / membrane integrity or function, H: cell wall biosynthesis, M: multi-site activity, U:
unknown mode of action.
c
Total number of treatments evaluated across all reports.
d
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable; standard error of (𝐿̅)
(se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
e
P value indicating subgroup significant difference from 0
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Table 5.S5. Summary statistics from network meta-analyses of marketable yield grouped by either
common FRAC combinations or MOA combinations of treatments from CDM fungicide trials published
on cucumber in Plant Disease Management Reports from 2009 to 2018
Effect sized
Yield increase (%)f
se
Group

Subgroup

nc

𝐿̅Yield

(𝐿̅Yield)

CIL

CIU

Z

Pe

𝑌̅

CIL

CIU

FRACa

21

13

0.63

0.08

0.48

0.79

7.98

<.0001

87.9

61.0

119.4

21+43+P

12

0.53

0.09

0.35

0.70

5.94

<.0001

69.1

42.2

101.1

22

15

0.50

0.08

0.34

0.66

6.20

<.0001

65.2

41.0

93.6

49+P

11

0.49

0.10

0.30

0.68

5.08

<.0001

63.9

35.5

98.3

22+P

18

0.34

0.07

0.20

0.49

4.67

<.0001

41.0

22.0

62.8

43

14

0.33

0.08

0.16

0.49

3.94

<.0001

38.5

17.8

62.9

P

39

0.25

0.07

0.11

0.38

3.68

0.0002

27.9

12.2

45.8

40

9

0.05

0.08

-0.12

0.22

0.58

0.5608

5.0

-11.0

24.0

11

10

0.04

0.10

-0.15

0.23

0.40

0.6892

4.0

-14.3

26.2

CFM

15

0.65

0.09

0.47

0.83

6.99

<.0001

91.4

59.6

129.6

F

14

0.64

0.09

0.46

0.82

6.92

<.0001

89.8

58.3

127.6

C

36

0.49

0.07

0.36

0.63

7.21

<.0001

63.7

43.2

87.1

BCM

17

0.49

0.08

0.33

0.64

6.19

<.0001

62.7

39.4

89.7

FM

14

0.43

0.07

0.29

0.58

5.79

<.0001

54.1

33.1

78.4

B

35

0.41

0.05

0.31

0.51

7.71

<.0001

50.7

35.8

67.2

CH

10

0.41

0.07

0.27

0.55

5.66

<.0001

50.2

30.5

73.0

BM

23

0.35

0.06

0.23

0.47

5.61

<.0001

42.0

25.6

60.5

M

39

0.21

0.06

0.10

0.33

3.58

0.0003

23.8

10.1

39.1

MOAb

146

H

9

0.10

0.08

-0.06

a

0.26

1.18

0.2375

10.2

-6.2

29.5

Fungicide Resistance Action Committee (FRAC) code combinations. P: protectants, 11: Quinone outside
inhibitors, 21: Quinone inside inhibitors, 22: Toluamides, 40: Carboxylic acid amides, 43: Pyridinylmethylbenzamide, 49: Oxysterol binding protein homologue inhibition.
b
Mode of action (MOA) combinations. B: cytoskeleton and motor protein, C: respiration, F: lipid synthesis
or transport / membrane integrity or function, H: cell wall biosynthesis, M: multi-site activity.
c
Total number of treatments evaluated across all reports.
d
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable; standard error
of (𝐿̅) (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
e
P value indicating subgroup significant difference from 0
f
Mean percent yield increase (𝑌̅) and 95% confidence interval calculated as 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) – 1)×100).
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Table 5.S6. Summary statistics from network meta-analyses of total yield grouped by either common
FRAC combinations or MOA combinations of treatments from CDM fungicide trials published on
cucumber in Plant Disease Management Reports from 2009 to 2018
Effect sized
Yield increase (%)f
se
Group

Subgroup

nc

𝐿̅Yield

(𝐿̅Yield)

CIL

CIU

Z

Pe

FRACa

28+43+P

9

0.98

0.14

0.71

1.26

7.09

<.0001

167.4 103.7 251.0

13 0.82

0.09

0.64

0.99

9.10

<.0001

126.1

89.6

169.5

9

0.68

0.10

0.48

0.89

6.58

<.0001

98.2

61.7

143.1

22+P

14 0.68

0.10

0.47

0.88

6.53

<.0001

96.9

60.7

141.3

P

11 0.61

0.12

0.38

0.85

5.19

<.0001

84.7

46.5

132.9

BMF

11 0.92

0.14

0.65

1.19

6.65 <.0001

150.4

91.0

228.1

C

12 0.84

0.12

0.60

1.08

6.96 <.0001

131.4

82.7

193.1

CM

12 0.79

0.10

0.58

0.99

7.59 <.0001

120.0

79.5

169.7

CH

12 0.76

0.12

0.53

0.99

6.57 <.0001

113.7

70.4

168.0

B

21 0.73

0.10

0.54

0.92

7.57 <.0001

108.2

72.2

151.7

BM

26 0.73

0.11

0.52

0.94

6.80 <.0001

106.8

67.7

154.9

M

17 0.60

0.09

0.42

0.78

6.51 <.0001

82.3

52.1

118.4

21+P
43

MOAb

a

𝑌̅

CIL

CIU

Fungicide Resistance Action Committee (FRAC) code combinations. P: protectants, 21: Quinone inside
inhibitors, 22: Toluamides, 28: Carbamates, 43: Pyridinylmethyl-benzamide.
b
Mode of action (MOA) combinations. B: cytoskeleton and motor protein, C: respiration, F: lipid
synthesis or transport / membrane integrity or function, H: cell wall biosynthesis, M: multi-site activity.
c
Total number of treatments evaluated across all reports.
d
Mean natural log of response ratio (𝐿̅) for effect of fungicides for each response variable; standard error
of (𝐿̅) (se(𝐿̅)); lower (CIL) and upper (CIU) 95% confidence interval of 𝐿̅.
e
P value indicating subgroup significant difference from 0
f
Mean percent yield increase (𝑌̅) and 95% confidence interval calculated as 𝑌̅ = ((exp(𝐿̅𝑌𝑖𝑒𝑙𝑑 ) – 1)×100).
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Fig. 5.1. Calculated % control, % marketable yield return, and % total yield return for fungicide
treatments grouped by the categorical moderator variables control disease (Ctrl disease) (A, D,
G), host type (B, E, H), and number of fungicide applications (sprays) (C, F, I), respectively.
Related statistics provided in tables S1 to S3.
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Fig. 5.2. Calculated % control, % marketable yield return, and % total yield return for fungicide
treatments grouped by the FRAC codes of individual fungicides within the treatment (FRAC) (A,
C, E) and grouped by the modes of action of individual fungicides within the treatments (MOA)
(B, D, F), respectively. Related statistics provided in tables S4 to S6. Fungicide Resistance
Action Committee (FRAC) Code combinations: P (M03 and M05): protectants, 11: Quinone
outside inhibitors, 21: Quinone inside inhibitors, 22: Toluamides, 27: Cyanoacetimde-oxime
(oximes), 28: Carbamates, 40: Carboxylic acid amides, 43: Pyridinylmethyl-benzamide, 45:
Quinone outside inhibitor, stigmatellin binding type, 49: Oxysterol binding protein homologue
inhibition. FRAC mode of action (MOA) combinations. B: cytoskeleton and motor protein, C:
respiration, F: lipid synthesis or transport / membrane integrity or function, H: cell wall
biosynthesis, M: multi-site activity, U: unknown mode of action.
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CHAPTER SIX

CONCLUSION

The collective work within this dissertation greatly adds to the limited amount of work
done in the Pseudoperonospora cubensis and Cucumis melo pathosystem. A nationwide survey
of P. cubensis isolates demonstrated one predominant mating type / clade combination, mating
type A1 / Clade 2, and the presence of the opposite combination, mating type A2 / Clade 1. That
both mating types of P. cubensis are associated with different genetic clades is concerning for the
development of genetically diverse recombinant genotypes, especially since nearly all
populations displayed statistical evidence of sexual recombination. We were able to use isolates
of the predominant combinations to determine that C. melo breeding line MR-1 was resistant to
both with differing underlying genetic mechanisms. The KASP markers developed for the four
major resistance QTL identified in this dissertation can be used by breeders in the future to
introduce these resistance regions into other genetic backgrounds. The survey in ten eastern
states also revealed how low the genetic diversity is within P. cubensis populations recovered
from C. melo in the eastern United States, which may indicate that this resistance could be
durable for some time. Grafting melon onto various rootstocks did not affect CDM disease
severity or P. cubensis population diversity, but the reduction in CDM disease severity in
controlled growth chamber experiments indicates an unknown mechanism confers resistance, if
only temporarily.
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The meta-analyses in this dissertation provided a much-needed update on fungicide
efficacy. Unfortunately, fewer fungicide efficacy studies were conducted on cucurbits other than
cucumber in the years immediately after the 2004 CDM epidemic, so the analysis focused on
fungicides applied to cucumber. The overall decline in general fungicide efficacy over time is
concerning due to the noted ability of P. cubensis to develop fungicide resistance; however, most
active ingredients still provided effective control. The different statistical outcomes from
analyzing disease severity, total yield, and marketable yield suggest conclusions of treatment
efficacy may vary depending on which measurement is reported.
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